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FOREWORD

This is the first edition of DCA's Satellite Communications Reference

Data ! ok. Tt Is recoguized that the users of the Handbook will have

varied a. sgnments and variations in their need for detailed data on the topics

discussed horein. In order tU make the Handbook more useful to you, the user,

-our suggestions for improvement, comments and corrections would be greatly

appreciated. Kindly forward any such items to: Defense Communications

Agency, Attention Code 483, Washington, D. C., 20305. Either brief hand-

written notes or detailed coverage is welcome.
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• SECTION 1- INTRODUCTION

1.1 PURPOSE

It is the purpose of this reference book to provide, in one source, suffi- -

cient information on satellite communications in general and on the Defense

Satellite Communications System (DSCS) in particular to familiarize the reader

with this special field of communications. The intent is to present data so that

one familiar with communications, but not necessarily an engineer, can ieadily

grasp the fundamental characteristics, capabilities and limitations of satellite -i

communications as well as the background and present status of the DSCS. A

glossary of terms and abbreviations is givzn in a table at the end of the book.

1.2 SCOPE

Sections 2 through 8 of this reference book provide a survey of basic tech-

nical data related to satellite communications systems in general. This in-

cludes:

Section 2 - Data on space subsystems such as orbital characteristics and

satellite transponders ,

Section 3 - Data on earth terminals including transmit, receive and

antenna subsystems

Section 4 - Data on typical multiplex, modulation and multiple-access tech-

uiques that are suitable for satellite communications systems. This

section also covers pertinent data on the use of error-correcting coding

techniques to conserve satellite power and/or i.mprove performance of

digital transmission.

Section 5 - Basic parameters and formulas essential to an understanding

of the problems involved in engineering a satellite communications link

-!1-11
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Section 6 - Data relative to the integration of satellite communications

systems into a global terrestrial communication network

Section 7 - Development of a system engineering a.prca.ch to the sharing

of the limited power and bandwidth capacity of a satel ite

Section 8 - Data on joth nonreal-tirne and real-time control systems that

are appropriate for use with multiple-access sateilite systems.

The remainder of the book consists of seven appendices addressing specific

areas closely related to the DSCS. These are:

Appendix A - Descriptive summary of the characteristics of presently

available or planned satellites of interest to military commuaicators

Appendix B - Descriptive summary of presently available or proposed

earth terminals of interest to military communicators

Appendix C - Detailed description of Phase I of the DSCS

Appendix D - Pptniled description of Phase II of the DSCS

Appendix E - 13,..;i coverage of future trends in communications that may

have an influence on the DSCS

Appendix F - Compilation of technical reference data useful in analyzing

satellite planning and engineering problems.

Appendix G - Glossary

1.3 SATELLITE COMMUNICATIONS SYSTEMS

1.3. 1 General

A communications satellite serves as a relay station for a long-distance

communications s.ttIL. system has the advantage of being able to

cover a large vor: rf ; . ;,.t. 's surface with the satellite antenna. Thus it

needs only a st- . • ccynect remote sites.

1-2



I In most ways a satellite communications link is similar to a line-of-sight

(LOS) microwave system, with the satellite transponder serving as the replace-

ment for the numerous intermediate repeaters that would be necessary on a

long-distance system. A problem in common with terrestrial microwave sys-

- tesns is a need for wide frequency bands and low internal and external noise.

Since both satellite and terrestrial services are allocated frequencies from shared

frequency bands, it requires careful coordination prior to frequency assignment

to avoid interference between using systems.

Although many of the basic principles are the same as in terrestrial sys-

tems, satellite communication systems do have differences that will be empha-

sized throughout this book. As will be seen, satellite communications are par-

ticularly suited for long-distance wide-band communications, providing the

capacity for transoceanic high data rate circuits that are not practical by under-

T sea cable or terrestrial r-idio. Figure 1-1 is a block diagram of a satellite sys-

.~-(em ;'howing the space, , arth and control subsystems and the three types of

-. control--satellite, earth terminal, and circuit.

* Satellites used in communication systems may be classified into general

categories by electromagnetic and orbital characteristics. Electromagnetically,

. r"there are two general types of sstellites: passive and active. A passive satellite

L merely acts as a reflector of radio waves. For example, the moon was used as

part of the first passive satellite communication system (as discussed in Para-

graph 1.3. 2. 1). One serious disadvantage of this type of system is that the

reflected signal received at the earth terminal is extremely weak. Thus, passive

satellites are not considered for major communications systems and are of

historical interest only. An active satellite carries a transponder (receiver-

amplifier-transmitter) system analogous to a terrestrial or undersea repeater.

_ This results in stronger signals at the earth terminal, but at the expense of

greater complexity and cost. Because a satellite is visible over a wide area,

It is available for use by others, and ordinary transmissions may be easily inter-

fered with or readily jammed.

T1-3
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A major difference from terrestrial systems is the requirement for remote

j multiple access, often changing with time and space. inwr 3ystems, this leads

to problems of intermodulation among the transmitted signals, and requires

-signal power control for the several kinds of signals. These probl-nhs are largely

avoided by using time-division or spread-spectrum multiple access'techniques.

According to their orbital characteristics, communication satellites may

be divided into two general types: synchronous and nonsynchronous. Synchronous

dt satellites have an orbital altitude of 22,300 statute miles and will rotate with the

same angular velocity as the earth. A synchronous satellite in an equatorial

orbit will thus remain stationary with respect to a point on the earth's surface.

A nonsynchronous satellite ha an altitude other than 22, 300 statute miles and

circles the earth at a rate dependent on its altitude. It will be visible from

a given point on the earth during only a portion of its orbit. The duration and

frequency of the visibility depends on the orbital parameters and earth terminal

locations. There may be no visibility from some terminals; from others the

* satellite may be visible only on some orbits. Thus, many nonsynchronous satel-

lites are needed for continuous service; and these systems may involve complex

acquisition, tracking and handover problems.

1. 3. 2 Brief History of Satellite Communications
WN

The following paragraphs give a brief review of some of the major events

in the development of today's operational satellite communication systems.

1.3.2.1 Passive Satellites

1. Moon

:1 The first voice message to be transmitted via a space relay used the

moon as a passive reflector. In 1954, the Naval Research Laboratory

(NRL) transmitted over an earth-moon-earth link successfully, and

in 1955 established the first transcontinental transmission via the

1-5



moon. By 1959 a duplex link betwep Washington, D. C. and Hawaii

became operational on frequencie, of 400 and 450 Mliz.

2. Project Echo

The Echo-I sphere, an artificial echo-producing body, was placed in

an orbit of 1000-mile altitude following launch by NASA in August

1960. It was a mylar-alumnum balloon, 100 feet in diameter weighing

175 pounds. Echo-IT, launched in January 1964, was larger and more

rigid. It weighed 500 pounds and was placed in a 600- to 800-mile,

near-polar orbit. Both were used in an intensive program of tests by

the United States and other countries. They were still in orbit as of

January 1972.

3. Project West Ford

Project West Ford, sponsored by the U.S. Air Force, was an investi-

gation into the feasibility of using an orbital belt of dipoles as passive

reflectors. On 10 May 1963 a launch was made and the dipoles were

successfully dispersed in a polar orbit of about 3700-km altitude.

The dipoles were designed for operation at a frequency of about 8000

MHz. Ground stations in Massachusetts and California were used to

measure the dipole belt characteristics and usefulness in point-to-

point communications. Speech was transmitted in digitized form and

received intelligibly, and the results agreed with theoretical predic-

tions. The individual dipole orbits decayed with time and after 5 years

the belt virtually ceased to exist.

1.3.2.2 Active Satellites

1. Project Score

In December 1958, an Atlas 10-B vehicle put into an elliptical orbit

(perigee of 110 miles, apogee of 920 milesi a 150-pound package

1-6



capable of both delayed and real-time transmission of voice and -

_ teletype. The system operated successfully for 12 days, with an

output power of 8 watts at 150 MHz. AA

2. Project Courier

In October 1960, a Thor-Able Star vehicle put Courier I-B, a DOD

satellite, into a 600- to 700-mile orbit. It operated for 17 days, with

an output pow r of 3 watts at 2 GHz. It could receive and store A
360, 000 teletype words during each overhead passage, and retransmit

them to each of four ground stations. Tests of delayed and real-time

voice, teletype and facsimile were conducted between Fort Monmouth,

New Jersey and Puerto Rico.

3. Project Telstar

Telstar I was launched on 10 June 1962 by a Delta vehicle, and placed
in an elliptical 593- to 3503 -nautical -mile orbit as a joint AT*T-
NASA project. The satellite weighed 170 pounds and was operable

on a communication duty cycle of 10 percent. Another satellite,

Telstar IT, was launched in May 1963. The Telstars provided tests

for telephone, television, facsimile and data among the United States,

Great Britain, France, Italy and Japan until March 1965. The output

power was 3 watts with 6-GHz uplink and 4-GHz downlink frequencies.

4. Project Relay

£ In December 1962, Relay I, weighing 172 pounds, was launched by

NASA into an elliptical 819- to 4612-nautical-mile orbit. In January

1964 Relay II was placed in a similar orbit. The output powers

were ,J watts with 1700-MHz uplink and 4200-Mttz downlink frequen-

cies. Relay I operated successfully until February 1965, supporting

more than 2000 communication tests among the United States, Europe

I and South America. Relay II was used by U.S. earth stations until

September 1965.
1-7



. - Project Syncom

This NASA Project included three satellites. Syncom I failed to

achieve a proper orbit. Syncom II was placed in an inclined synchro-

nous orbit in July 1963 and was used for testing. Syncom III was

placed in a synchronous equatorial orbit near the international date

line in August 1964, and was used for TV transmission of the Tokyo

Olympic Games to the U.S. in the fall of 1964. In April 1965, after

its program of tests was completed, NASA transferred operation of

both satellites to DOD. Neither is currently operational.

6. DOD Tactical Satellite Communication Activities -.

In 1965 the three services initiated studies on tactical/mobile satellite 2

communications. On 1 July 1967, LES-5 (Lincoln Laboratory Experi-

mental Satellite), a UHF satellite repeater weighing 225 pounds, was

placed in a high orbit by a multiple payload Titan III-C developmental

launch. The UHF system was tested by SAC aircraft as well as by A

Army and Navy mobile terminals. This launch also deployed a

gravity-gradient experiment (DODGE) and an electronically despun I
array test satellite (DATS) with 3 IDCSP satellites. Later, in Sen-

tember 1968, LES-6 was launched in further support of the tactical

communications study program. This was followed in February 1969

with the launch of TACSAT I, a high-powered experimental tactical

communication satellite for use by all military services to as;ess the

role of satellites in tactical situations. The TACSATCOM program

includes LES-6 and TACSAT 1, which are both geostationary satellites.

LES-6 is a small, single-band UIIF satellite, whereas TACSAT I was '-,
I

the largest and most powerful communication satellite launched up to

that time, having high capacity and operating in both UIF and SHF ,

bands. These two equatorial satellites were aligned with the central

I.-8 "
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.with earth coverage capacities of 6000 telephone circuits and 12 video

channels or equivalent combinations, is now available. The first

Intelsat IV was successfully placed in orbit in January 1971 and be-

came operational in March over the Atlantic region. An innovation

on the Intelsat IV series is the provision of two spot beams in addition

to the earth coverage antenna to focus more power over high-traffic

regions. Its design life is 7 years. A summary of the principal

characteristics of the Intelsat satellites appears in Table 1-1.

1.3.3 Defense Satellite Communications System

The Defense Satellite Communications System (DSCS) is an integral por-

tion of the global Defense Communications Syster, de: -ed to provide vital

communications service to the United States and Allied FoLces throughout the

world by means of satellites. The system is being implemented in phases.

Phase 1 has been providing a limited operational capability since 1967. The

Phase I space subsystem at maximum consisted of 26 low-power satellites

drifting slowly in near-synchronous, near-equatorial orbits. As of May 1972

there were only 17 Phase I satellites operational. This number will decrease

as the satellites approach their 6-year automatic cutoff design life. Each

satellite supports only one duplex communication link (connecting two earth

terminals). Depending on earth terminal sizes involved, each link has a capa-

city of one to five voice channels.

The Phase II satellites are to be positioned in geostationary orbits and thus

will be continuously available for use by earth terminals located within about

5000 nautical miles of their subsatellite points. The Phase II satellites are

larger and transmit more power than the Phase I satellite. In addition to the

earth coverage antennas they have two steerable narrow-beam antennas for

greater communication capability between selected earth locations. They have

two separate transponders with four separate frequency bands.

1-10 "
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The Phase II DSCS will have several stages. Stage la will consist of a

--number of point-to-point links similar to those of Phase I. In Stage lb certain

of the earth terminals will have rndal capabilities (communicating simultaneously

with several other terminals), The Stage lc system will be all digital (digitized

voice and digital data) to increase system capability. Stage 2 will employ }
TDMA. More detailed descriptions of the system and its components are

covered in Appendices A through D.
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SECTION 2 - SPACE SUBSYSTEM

2.1 GENERAL

This section provides basic data on the satellite subsystem, including

launching and orbital considerations and characteristics. The section also

covers typical satellite transponder characteristics with emphasis on the con-

straints peculiar to operating from a satellite platform. These constraints

include size, weight, power, antenna pointing and coverage area of the antenna.

2.2 ORBITAL CHARACTERISTICS

2. 2. 1 Orbital Considerations

For the following presentation of the basic relationships between the orbit

characteristics of terrestrial satellites, a spherical earth with a spherically

symmetric gravitational field is assumed. This assumption neglects the earth's A
oblateness and inhomogeneous mass distribution as well as the effects of the

sun and the moon on the resultant gravitational force applied to the satellite

body. Under this assumption, the trajectory of a satellite is planar and ellipti-

cal with the earth's center of gravity as one of the foci of the elliptic orbit. =

The communication satellites used by the United States have all had essentially

circular orbits, which are special cases of elliptical orbits.

Figure 2-1 shows the different possible types of circular orbits, from

the equatorial type to the polar type, obtained by varying the angle between

the orbital plane and the equator (inclination angle), t, from 0° to 90%.

The period of a satellite in circular orbit in hours is given by:

T = 2T __a_ = 0. 00000564 (3958 + h) (2-1)

I where h is height of the satellite above the earth in statute miles.

t 2-1
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Figure 2-2 shows the satellite period for various altitudes. A satellite at a-

height of 22,300 miles and in the equatorial plane (zero inclination angle) will

appear stationary with respect to the earth and is called synchronous. At this

"" height and at an inclination angle other than zero, the satellite as viewed from

the earth will appear to describe a figure eight.

An elliptical orbit, shown in Figure 2-3, is described in terms of the

apogee, or maximum height above the earth's surface, and the perigee, or

height of the satellite at its minimum distance from the earth. The satellite

average velocity is equal to that of a satellite in a circular orbit whose diameter

is equal to the major axis of the ellipse. The instantaneous velocity of the

.- satellite is dependent on its position in its orbit; minimum at apogee and maxi-

mum at perigee. Its period may be found by using the average of~apogee and

-perigee heights in Figure 2-2.

The total area of the earth seen by the satellite at any instant, or recip-

rocally the area from which the satellite is visible from the surface of the

earth, is bounded by a circle the radius of which is a function of satellite I
altitude h and minimum allowable earth antenna elevation angle, a. The

coverage geometry is illustrated by Figure 2-4. In the case of a geostationary

satellite the earth coverage area is fixed. For a nonsynchronous circular orbit

satellite, the coverage circle is fixed in size and moving continuously over the

earth's surface.

The coverage or spherical area of the earth's surface within the visibility

I Tcone of angle 20 is given by:
2 R2

A 2R (1 - coso) (2-2)

I ~where6[cs(:o)j(23
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The percentage of the earth's surface in view from a satellite at any

altitude is shown in Table 2-1 for several values of a. Fora 0' the sperical

area becomes:

A = 2- ( ) (2-4)
s e

A typical coverage area for a stationary synchronous satellite located on

the equator at 30OW long-itude is shown in Figure 2-5.

For a satellite at nonsynchronous altitude the duration of visibility at an

-- earth terminal is an important quality. The duration of visibility increases

with the orbital altitude and also as the satellite orbital plane moves closer

to the earth terminal. At any altitude a direct overhead pass results in the

4. "longest duration of visibility. When using a communication satellite without

storage capability, two earth terminals must have simultaneous view of the

satellite to establish a link. Therefore the design of a nonsynchronous system

S"is more complex than that of a synchronous system.

A parameter of interest is the maximum rate of tracking required for the

ground antenna. This maximum corresponds to an overhead passage of the

satellite, expressed by the rate of change of angle q in Figure 2-6. The angle

r varies because of the motion of the satellite and the rotation of the earth. For

a circular satellite orbit the maximum rate of change occurs fo: a terminal

located on the equator and a satellite in retrograde equatorial orbit (opposite

to the rotation of the earth). Also the maximum tracking rate decreases as

the satellite ltitude increases.

The capabilities of available launch vehicles is an Important consideration

in overall satellite design. The launch vehicle is a support subsystem whose

r cost typically amounts to about one-half of the total space system cost. The

launch vehicle has to furnish the satellite with electrical power prior to sepa-

ration, structural and dynamic support, and provision for dispensing. The

* I 2-7
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Table 2-1. Percentage of Earth's Surface Visible From a Satellite .

Height Percentage of Area Visible

Statute = 00 Q = 7.5" c= 10'

Kilometers Miles C 7

1850. 1150 11.15 7.7 6.70

3700 2300 18.4 13.6 12.5

7400 4600 26.9 21.3 19.80

11,100 6900 31.8 25.9 24.25

14,800 9200 34.9 28.8 27.15

18,500 11,500 37.2 31.1 29.20

22,200 13,200 38.8 32.5 30,7

25,900 16,100 40.1 33.8 31.9

29.600 18,400 41.1 34. 8 32.85

33,300 20,700 41.9 35.6 33.65

35,900 22.300 42.4 36.1 34.0
(synchronous)

37,600 23,400 42.5 36.2 34.1
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Figure 2-6. Maximum Tracking Rate

allowable satellite weight per launch is constrained by the number of launch

vehicle stages and their thrusts, launch site location, and the desired space-

craft orbital altitude and inclination. In addition, there are volumetric and

shape constraints imposed on the satellite since a shroud at the nose of the

launch vehicle must enclose satellites during their passage through the earth's

atmosphere. Table 2-2 presents pertinent data on launch vehicles available

either now or in the near future.

2. 2. 2 Orbital Control

The two types of orbit._ control that may be used on satellites are

attitude control and statlonkeeping. Attitude control, which is used on

practically all satellites, can be implemented about one axis, two axes or all

three axes. The attitude control system Implemented has a great effect on the
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p design of directionally sensitive satellite subsystems such as antennas for

communication and solar cells for prime power generation. Station keeping

refers to the maintenance of a fixed satellite position relative to the earth A

(in the case of a synchronous satellite) or to another satellite (in the case of

several satellites spaced along the same nonsynchronous orbit). Station

keeping control is not used in the case of one satellite in a nonsynchronous

orbit but it normally is used in synchronous satellite systems.

2.2.2.1 Attitude Control

Required pointing accuracy, system lifetime, reliability, weight and

cost are some of the factors involved in attitude control system design. The *

early satellites, which were designed for long-term operation, were spin

stabilized. The more stringent requirements of the present space missions A

have demanded more precise control.

The types of attitude control systems used are listed below with comments

on each system:

1. S2in Stabilization

a. Advantages. (1) Fixed inertial orientation with limited
accuracy can be achieved with a completely passive system;
and (2) most disturbances including torques from velocity

correction jet misalignments have only a small effect on

the accuracy of a spin-stabilized body.

b. Disyitages. (1) Only one axils can be controlled; (2) after
obtaining orbit, a system is required to initially point the

spin axis; (3) spin speed control may be required on systems

where disturbance torques may cause large changes in the

spin momentum of the system; and (4) unless provisions

are made to despin the communications antenna, most of

the transmitter power is lost (radiated into space).

2-12



2. Gravity Gradient

T An advantageous feature of gravity-gradient stabilization is that

the communications antenna orientation is maintained In the

correct position to direct the transmitted power toward the earth.
The limitations of the usefulness of gravity-gradient torque for

stabilizing a satellite with respect to local vertical and the orbit
S .,

plane are:

a. Gravity-gradient torques decrease with altitude, whereas

.. some disturbance torques (notably solar radiation pressure
torques) are Invariant with altitude, thus it is difficult to

design high-altitude satellites to operate primarily with

gravity-gradient stabilization.

b. Orbit eccentricity introduces disturbances in the gravity-

gradient control which preclude the use of this type of

control for highly eccentric orbits.

c. At low altitudes aerodynamic torques are encountered whi.ch; , greatly complicate the design of a gravity-gradient controlled

r satellite.

d. Satellite requirements such as solar arrays to collect solar
energy, communication antenna placement, booms for experi-

ments, and restrictions on configuration for compatibility

with the boost vehicle may so constrain the satellite configu-

ration that gravity-gradient stabilization cannot be achieved.

e. Highly accurate orientation is difficult to achieve since attitude

errors must be developed to provide gravity-gradient torques

F to counter disturbance torques.

2-13



3. Momentum Storage
7;

Continuously rotating devices are used to store momentum and

thus absorb the effect of disturbing torques, and to perform -A

spoial control maneuvers.

The effectiveness of reac '- wheels for momentum storage is :T

based on the law that the time rate of change of wheel momentum

is equal to the torque. The attitude error signal is used with

filtering to control the wheel speed, meaning that for nonzero

constant momentum storage there must be an angular pointing

error. A control signal including the integral of this error can

be used to alleviate this problem in the steady state.

The momentum storage systern adds complexity to the system. if .t

the problem of coupling bet-ween axes is significant, careful design

will be required. Methods proposed for obtaining momentum

storage include rotating inertia (a motor-driven inertial flywheel,

gyro stabilizer gimballed gyroscopes) and the control of the motion

of q fluid moving in an enclosed circuit.

-4. Mass Expulsion

Attitude control can be accomplished by means of the torque

derived from the expulsion of mass. Torques can be achieved

by the release under pressure of stored gas, by small rockets,

by ion propulsion, or by plasma engines.

Cold gas systems are the most attractive mass expulsion method

for smaller satellites since they appear to offer the highest

reliability. The low specific impulse (typically a nitrogen-gas

system -ill exert about 60 pound-seconds of impulse per pound

of gas) does not prevent their use since usually a small total . I

torque impulse is desired. The thrust level desircd from the
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gas jet nozzles is fixed by the inertia of the satellite and the

nozzle mounting arrangement.

When these jets are to be used alone for attitude control, they ,.l1.

operate on a limit cycle which can be calculated from the desircd

precision of orient-tion, control system parameters, ditstrubance

torques anticipated, and torque-to-inertia ratio of the system.

For larger satellites low thrust hot gas engines may be used for

attitude control at some expense in reliability. The many rcvquiri

rocket firings in such a system favors monopropellant systvins.

However, either a monopropellant or bipropellant engine i feaVi''h.,

and several versions of each type have been developed.

5. Mixed Systems

A 1,-!-L re of more than one method of attitude cont'ul U

offer signlficant advantages in performance and efficit.cy o cr

reliance on only one source of torque. There is a tral, hte~ ,

-- the added complexity of a second system and the inert.ased rieility

from the redundancy of the second system. Gravity gradie., a,'

reaction wheels, magnetic torques and reaction wh(,ls or g.,. ., ts

-and reaction wheels are useful combinations.

In combination with a mass expulsion system, a rca'.tiop -, 1

eliminates the need for releasing gas during cycle, torqi.. vaLiitioo:).

and provides for removing zero-centered time-' arying 'I h'rLuc'.

torques, while the gas jets remove bias torclue i. W\th,-it ::. .

expulsion system, the size of n inertial fiywhcl aIi -Ji; If.' r

drive needed to handle torques for long operaIon v,o.t, : ' v
large. From the types of orbits and the contrir-.*,, A. 1 11 ,m

satellite by the communication system it apiva , corlbintLn i

of inertial storage elements and some form of :d,:iit:. tci-qwc

generator is desirable.
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2,2. 2. 2 SuS4i1onlit!ping

Stri.,koecprig is the procedure of keeping a satellite in a desired I
positior Ir orbit within acceptable limits. For example a synchronous satel-

-lte if gi%:.,n ,ec.ional commands that adjust its position so that it will remain

In a fixtwd position within a few degreeE relative to the earth.

Sirki-. 1png is necessary to offset the effect of perturbing forces on

ts, atcllt orbit. These forces include solar radiation, atmospheric drag,

Iq,-t ity ;,..rtto'bat.oxnm from the sun and moon, and gravity perturbations due

tc , v,. c.I;..s.s of the earth. The advantages of station keeping include the

l p, 'iuuon of acquisition and tracking the satellite with narrow-beam earth

arid the provision of a satellite that permits continuous or predictable

- .! : i:'.- !cotcd earth terminals. '

U r synchronous satellites, the strongest forces are those of the sun and -

njo :,a, ,wtich act in a north-south direction to incline the orbit about 10 per year.

"L hii. wou l rclurc a velocity increment of 176 feet/second/year for cancel- ]
i~ttI',,, "x' the cArrent modest life requirements permit the simple alternative

et.W.. n into a preset inclination so that after 5 years the final inclination

.A ,'.',ut 2. 5" is acceptable. In synchronous orbit an uncontrolled satellite will

- Kl,. , due t(f the earth's oblateness about one of the two stable points (located i

.- an i I O, CIW longitude) with a period several hundrea days. Unfortunately,

t,.,13- locations do not satisfy the requirements of most communications

,y,.ta'ii--, ortunately, a velocity increment of only 7 feet per second per year

i'3 _-f ,::rv:1 for cancellation.

A' ns." ,qnulsion system is used for station keeping and can be integrated

'witb ,iititudc control system. Certain combinations of gas jets are fired

,~i~;,ously for attitude control and other combinations are fired simul-

S,.;;,',,. tor s tationkeeping. The satellite is allowed to drift slowly between -

irt-t- isi-iposed by system requirements. The stationkeeping function is

:iorrn ,.J i'nfrequently; every fe weeks or months.
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2.3 SATELLITE TRANSPONDER

2. 3. 1 Transponder Transfer Characteristics

7--~The purpose of a satellite transponder is to receive, amplify and transmit - ...

input signals. If a repeater is operated on the same frequency band for both

input and output signals, sufficient isolation must be achieved by employing

different frequency bands for uplink and downlink operation. Two methods of

frequency conversion are commonly employed to achieve this result: single-

conversion and double-conversion. These are shown in the simplified block

diagram, Figure 2-7. The choice of one method over the other is a function

- of the input-to-output power gain required and the channel bandwidth desired.

Where the input and output ,ing frequencies are high (for example X-Band)

and a narrow bandwidth i., ,..ed, a double-conversion transponder may be

necessary. Where the bandwidth is larger a single conversion may be permis-

! : sible.

In some cases the transponder design may include signal processing. Here,

the input RF signal is demodulated and then the baseband signal is modulated onto

S.the output RF carrier. Processing transponders can improve the protection

against jamming In a military syste1m. Figure 2-7 also shows a processing

-- transponder.

The satellite transponder has some special constraints inherent to its

being on board a satellite. These constraints include inaccessibility after

launch, lea.-iing to a design emphasizing reliability, long itfe, stability, and

T absence of maintenance, and weight, leading to emphasis on an efficient,

lightweight prime power supply, circuit efficiency, and optimization of antenna

design. In addition many communication satellites, especially stationary

satellites, are required to provide simultaneous links among many groind

stations. This feature also imposes special requirements on the transponderr design. The multiple-access feature will be discussed in Section 7.
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The satellite communication subsystem may consist of one or more RF

'7 channels, with each channel required to receive from one signal-to several

simultaneous signals depending on the communication system design. Band-

pass filters are installed to channelize the subsystem to prevent intermodulation.

; .- The allowable noise temperature of the receiver must be specified In the

system design. Because of the inaccessibility and weight and power limitations,

low-noise travelling-wave tube (TWT) or parametric amplifiers are not used as

preamplifiers. The RF preamplifier is either a transistor at lower UHF fre-

quencies, or a tunnel diode at higher frequencies. This leads to typical system

noise temperatures of 2000°K at X-Band.

The transponder output device normally is a transistor for frequecacies

-. up to several hundred megahertz. Above that frequency a TWT is used. Power

outputs up to several hundred watts have been obtained by paralleling a number

of transistors. However, the highest power from a single transistor is about

40 watts. Space-qualified TWT power output capability currently ranges up to

about 35 watts at X-Band.

A communication transponder has a saturating nonlinear input-output

characteristic. Only amplitude modulation, which is rarely used, requires

highly linear amplitude characteristics. For frequency or phase modulation,

which is often used, only approximate linearity is required in the multisignal

output amplifier. A hard limiter is sometimes used at the amplifier input so

that the weakest expected earth terminal signal will result in saturated output

from the transponder so interference is minimized. When several signals at

different freq.encies enter he transponder simultaneously, this causes inter-

modulatioi distortion which may be held to acceptable levels by proper fre-

quency spacing of the entering signals. However, in many cases of multiple

simultaneous signals, the TWT is operated at a backoff point several decibels

below satu.ration. This reduces the satellite effective isotropic radiated

power (LIRF) (system capacity), but more important it keeps intermodulation

at an acceptable level.
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2.3.2 Beacon

A beacon signal is normally transmitted from the satellite to aid

acquisition and tracking by the earth terminal antenna. The beacon signal may

either be generated within the satellite or generated by frequency converting

a signal transmitted by the earth terminal. Very often the beacon and telemetry

functions are combined by modulating the telemetry information onto the beacon

signal. In addition, the beacon signal can be transmitted by the same power

tube as the communication signals.

2.3.3 Power Subsystem

The requirements of a satellite power supply are re-iability, long life, j
high efficiency as measured in watts per pound and possibly operation during

eclipse. The three major sources of energy that have been investigated

experimentally are chemical, nuclear and solar, and prototype systems were

built. At present, the solar cell is the only device available in production

quantities to provide satellite power for long durations at good efficiency. The

only apparent limit to the power available from this source is the physical size

of the array. If very high power satellites (5 kW or more) are required in the

future, nuclear power sources probably will be used.

Solar cells are mounted in arrays whose power output is a function of the

angle between the sun and a perpendicular to the plane of the array. The most

efficient method of mounting the array is on a flat panel with a drive mechanism

to keep the array continuously oriented to the sun. A second method is to

mount the solar cells on both sides of fixed flat paddles. No orienting control

is necessary but the power output fluctuates as the angle between the normal

and the sun varies. The array size must be larger than that of the oriented

array. The solar array also may be mounted directly on the satellite skin.

This leads to fluctuations in power output with time and, in addition, involves

problems with the temperature-control system that is necessary for the satellite
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I = interior. However, where this configuration can be used it leads to a significant

reduction in weight. Spin-stabilized satellites covered with solar cells have

been used in a number of programs.

T" Storage batteries are usually used in conjunction with solar cells. These

batteries, which are charged by the solar cells, allow operation during eclipse
-

periods when the satellite is not in view of the sun and help supply the load either

when the array orientation is poor or during brief periods of particularly high

power demand.

2.3. 4 Antenna Subsystem

The satellite antenna is characterized by its frequency, bandwidth, polari-

.. zation, gain and beamwidth. The gain and beamwidth are related; the gain

increases with the size of the antenna and the beamwidth decreases at the same

- rate. The prime parameter used in the design of an antenna is its coverage.

Two types of antennas are used: earth coverage and narrow beam (sometimes

Y 7called spot beam). Operational requirements determine the type to be used in

any application. The aperture of an antenna covering the earth disk from

horizon to horizon is dependent on the altitude of the satellite, and corresponds

-to a beamwldth of about 180 for synchronous altitude. This angle corresponds to

- a gain of 15 to 18 dB. A narrow-beam antenna, if properly pointed, will con-

centrate its power in a limited area determined by the beamwidth, and will

correspondingly have a higher gain. To provide the desired coverage, the

narrow-beam antenna must be pointed accurately and stabilized.

Antenna design and gain are affected by the type of satellite stabilization

used. For each satellite stabilization method there are one or more antenna

:configurations that may be used. For the spin stabilization method, toroidal,

despun, and switched beam configuration are employed. For gravity-gradient

* and active three-axis stabilization, earth or area coverage pencil beam confi-

gurations are used. Table 2-3 contains a summary of the achievable gains for
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* earth coverage antenna configurations at different altitudes and with various

- types of stabilization and antenna patterns. Antenna system losses, which vary

with the particular design approach used, are not included.

Spin stabilization is a widely used method of providing passive orientation.

The combination of spin stabilization and an antenna which has a toroidal pattern

was used on the majority of early communication satellites, for example,

Telstar, Relay and Syncom. Such an antenna provides focused radiation in only

one plane and therefore has low antenna gain.

An improvement in antenna gain can be obtained by electronically or

mechanically despinning the antenna to provide earth coverage in a direction

.. normal to the spin axis. Table 2-3 illustrates the large improvement in gain

* .. for such a system over tWe toroidal pattern antenna. An electronically despun

- antenna is implemented by mounting a number of pencil beam radiating elements

on the satellite. As the satellite spins, the receiver-transmitter is continuously

-"" switched to the element whose beam covers the earth. A mechanically despun

antenna is implemented by rotating a bearing-mounted platform counter to the

-- satellite spin. Thus, an antenna on the platform can be pointed continuously

-toward the earth. A three-axis stabilized satellite can provide the same

antenna gains as a despun antenna. Two-axis stabilization by gravity-gradient

torques can be achieved by proper design. Consequently, an antenna can be

used with this stabilization technique to provide earth coverage. Once deployed

and properly captured, the gravity-gradient stabilization mechanism requires
no active control or additional energy; however, there is an oscillation (libration)

inherent in this system. The antenna gains available with this stabilization

SI techniqtie are listed in Table 2-3.

An experimental communication satellite developed by Lincoln Laboratories
t l spins about one axis but has no preferred orientation. Such a system uses hori-

L zon sensors to locate the earth and control a switching subsystem which selects

an antenna pointing toward the earth. The antenna gains obtainable with the

switched-beam antenna concept are also listed in Table 2-3.
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SECTION 3 - EARTH TERMINAL SUBSYSTEMS

;V U "3.1 GENERAL

Another major subsystem of a satellite communications system to be

discussed is the earth subsystem. In general this is very similar to a terres-

trial microwave terminal facility. The earth subsystem consists of the basic

earth terminal and the related multiplex, coding and modulation equipment.

This section will describe the basic earth terminal, its functions and components.

The related signal processing equipments are discussed in Section 4.

Like a terrestrial microwave terminal, the satellite communications

earth lerminal has a transmitter, receiver, and antenna subsystem. The

satellite earth terminals normally operate in the ultrahigh frequency (UH F) or

super high frequency (SHF) band.

The most notable differences between a satellite comminications earth 4

terminal and a conventional microwave terminal are that the earth terminal

has a high-gain antenna subsystem capable of tracking a moving satellite, a

transmitter that is frequently of much higher power to provide a suitable level

signal at the satellite, and a receiver that has a very low noise front end to

compensate for the very weak signals received from the power-limited satel-

lite thousands of miles away.

The earth terminal accomplishes the following basic functions:

1. Roceives signals at an intermediate frequency from one or more

L modulators, translates them to radio frequency, and transmits

J Ithem to a satellite

2. Receives radio frequency signals from the satellite, translates

them to an intermediate frequency, and feeds them to one or more

demodulators.

q 3-1
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Equation (3-2) is plotted in Figure 3-2 for frequencies of 8150 and 7500

MHz, which are the midpoints of the uplink and downlinh frequency bands used

by DSCS Phase II. '

The anterna can be mounted on a pedestal which permits steering 360' in ]
azimuth and 180 ° in elevation. However, some fixed terminals are designed for

use with geostationarv satellites only aid therefore have a limited pointing range.

Shipboard terminals often have a three-axis mount, which includes a roll axis

to permit correction for ship's roll. .--

The antenna diameter may be limited by the particular application planned

for the earth terminal. The following list shows various existing ind planned

communication earth terminal applications and their respective maximum antcenLna I
diameters:

Application Maximum Antenna Diameter

Fixed 120 feet

Air Transportable (one aircraft) 18 feet

Vehicular 8 feet

Shipboard 8 feet

Airborne i feet

The selection of the antenna diameter for a particular application is

largely determined by the transmit and receive capability required. Since

satellite transmitter power Is limited compared to terminal transmitter power,

the receive copsiderations are usually dominant. However, there are cases

when the transmit capability is the principal factor. An exaplc of this

situation is a terminal which is to transmit at a very high data rate and receive

at -) low data rate.

The receiving performance of an earth terminal depends on the equivalcnt

input receiver noise power as well as on antenna gain because the gain is

effective only if the signal power is greater than the noise power. The equiva-

lent input receiver noise power is usuall expressed as n noise temperature T

3-4
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in degrees on the Kelvin scale, with absolute zero at -273'C or -460F. Thus

a perfect receiver would have T - 04K, a fair one T - 293"K (room :cmperature.

and a poor one T -- 2931OK (noise figure z 10). The antenna must provide not

only signal gain but also low noise input from side lobes and transmission

lines. It therefore often uses a Cassegrain feed which consists of n feed horn

mounted at the vertex of the paraboloidal reflector and a hyperbolold al suhre-

flector located at the focus of the dish (Figure 3-3). The Cassegrain feed has the

following advantages relative to one with the feed horn at the focus of the dish:

* The low-noise preamplifier can be mounted behind the dish anM close

to the feed horn. This minimizes the transmission line less and noise.

SSpillover radiation from the feed horn is directed toward pace which

has a very low noise temperature. With a frort feed, spalover

radiation is directed toward the relatively warm earth. Therefore,

the antenna noise temperature with a Cassegraln feed is lower.

A radio wave may be linearly polarized either horizen-lly or vertlcally

according to the direction In wh!ch the electric field changes are greatesi. In

a circularly-polarized wave this direction (the E vector) -nay rotate in nne t.J

two senses as seen from the source, either right-handed (clokwise) or left-

handed (counterclockwise).

In the DSCS, right-hand circular polarization Is used In. the uplink and

left-hand circular polarization in the downilnk. If linear pol;rlzatbla wt re

used, the polarization of t;e signal received at the termlral ,vould r. nge from

vertical to horizontal depending on the location and elevation angle O the ter-

imil. Thc itse of different senses of circular polariatim for the t ltr a and

down Iinks simplifies the design of the polarizer and the diplexer, wth

sepnrates the transmitted aw received waves, traveling tn , Poslte lrit - a',

on the same transmission line.



iiLU

U..

I.LD

zr L
zu

003

'LEJ

0*

I0

UYV3~8 031lIVY1SNVkll

1 3-7



3.2. 2 Transmitter Subsystem

The SHF transmitter subsystem shown in Figure 3-1 caa accept signals

from modulators with center frequencies of 70 MHz or 700 MHz. The former

is used for signals with a maximum bandwidth of 40 MHz, the latter with

signals with a maximum bandwidth of 125 MHz. When the 70-MHz mudulator

is used, its output Is frequency-translated to 700 MHz. The 700-MHz signal

(either the upconverted 70-MHz signal or the output of the 700-MHz modulator)

is then frequency-translated to the 7. 9- to 8.4-GHz band. The level of the

signal is then adjusted to the desired value and combined with the signals from

other u- converters. The power amplifier amplifies the combined output of

the up converters to the desired level.

Not all earth terminals have a 700-MHz interface, but a 70-MHz inter-

face is almost invariably provided. If only a 70-MHz interface is provided, up

conversion to SHF is usually accomplished in two stages; however, the

higher intermediate frequency may not be 700 MHz.

The frequency of translation may be fixed or variable from a frequency

synthesizer. In either case, the spectrum of the oscillator must be extremely

pure because frequency (or phase) modulation added to the transmitted signal

will degrade the performance. If more than one carrier is required, a

separate up converter is provided for each.

Currently, traveling-wave tubes and klystrons are used for power

amplifiers. The traveling-wave tube can have a bandwidth sufficient for the

entire band. (500 MHz), but its output power is limited to about 5 kW at X-Band.

Output powers in excess of 10 kW can be attained with a klystron, but its

instantaneous bandwidth is limited to 170 MHz. If more than one signal is

being transmitted, the power amplifier is operated below saturation to avoid

the generation of intermodulation products. The RF bandwidth of some earth

*: terminals covers the entire 7.9- to 8. 4-GHz band used by DSCS Phase II.

Others can operate in only a small part of this band.
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A characteristic commonly used for the earth terminal transmitter is 4-

its effective isotropic radiated power (EIRP). This value is dependent on the antenna

gain at the transmit frequency and the power output of the final transmit ampli-

fier. (This is covered in detail in Section 5.) Figure 3-4 shows typical values

of EIRP as a function of antenna diameter and transmitter power.

Lw 3.2.3 Receiver Subsystem

Referring to Figure 3-1, signals received by the antenna are fed to the

low-noise preamplifier. Although functionally part of the receiver subsystem,

this unit Is almost always mounted on the antenna to minimize the transmission -A

* iline loss and resultant noise increase. The output of the low-noise preamplifier

is fed to a divider and then to a number of down converters. The first down

converter frequency translates a signal in the 7. 25- to 7. 75-GHz band to 700

MHz. The second down converter frequency translates the 700-MHz signal to 70

M z.

The discussions of the translation frequencies and of bandwidth given in

Paragraph 3. 2.2 apply to the receiver subsystem. However, in many earth

* terminals receiving several signals, a common down converter is used for

several signals. This is feasible if the frequency spacing and the levels of the

signals are such that the intermodulatlon products generated in the down con-

verter are insignificant.IA
A number of devices can be used for the low-noise preamplifier. The

r effective noise temperatures of state-of-the-art devices operating at a frequency

of about 7500 MHz are given in Table 3-1.

The common figure of merit used with the earth terminal receiver is

. its G/TP ratio. This is the ratio of the receiving antenna gain to the receiver

system noise temperature.

G/T 10 log (7/T) (PD.!X) 2  (3-3)

3-
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This figure indicates the relative capability of the receive subsystem to receive

v signal. For example a terminal with a G/T of 36 dB requires twice as large

a received signal level for proper reception as does a terminal with a G/T of .

39 dB.

Figure 3-5 shows typical values of G/T as a function of antenna diameter

for each of the devices listed in Table 3-1.

3.2.4 Tracking Subsystem

The tracking subsystem permits the antenna to be manually positioned or . I

to automatically track the satellite. The three techniques used for automatic -

tracking in earth terminals are monopulse, step track and program track.

3.2.4.1 Monopulse .1

In a monopulse tracking subsystem, a four-horn antenna feed and a .

comparator network are used to obtain the necessary antenna beams from a

j single aperture. Referring to Figure 3-6, feeds 1 and 3 are summed in hybrid

1, and feeds 2 and 4 are summed in hybrid 2. The two sums are then summed in A
in hybrid 3 to give a radiation pattern maximized in the boresight direction

(sum pattern). The difference port of hybrid 3 gives the difference of the

sums of feeds 1 and 3 and feeds 2 and 4, and thus gives a control signal which

is zero in the boresight direction, with maximums of opposite phases occurring .

on either side of horesight in the azimuth plane (azimuth difference pattern).

The two difference ports of hybrids I and 2 when summed in hybrid 4 •1

give the difference of the sums of feeds 1 and 3 and feeds 2 and 4, and thus a

control slgnal Is obtained which is zero in the boresight direction, with

maximums of opposite phases occurring on either side of boresight in the

elevation plane (elevation difference pattern). The difference port of hybrid 4

gives the difference of the sums of the diagonal feeds, which is redundant in-

formationso it is usually terminated in a load. Comparisons of the sum and

difference patterns are then used to generate error voltages which are used to

keep the antenna pointed in the direction of the target.

3-12
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Figure 3-6. Four-Horn Antenna Feed and Comparator

Figure 3-7 is a block diagram of typical tracking subsystem. The

azimuth and elevation difference signals are commutated by ferrite switches

controlled by a digital scan generator. The sequence of the switched output

might be: azimuth difference, azimuth difference shifted in phase by 1800,

elevation difference, elevation difference shifted in phase by 1800.

The commutated output o' the ferrite switches is added to the sum sig-

nal by a directional coupler. Since the difference and sum signals are phase

coherent, this has the effect of amplitude modulating the sum signal.

The resultant signals are amplified by the same low-noise preamplifier

that is used far the communication signals, down converted and demodulated.

The sign.is are next decomnutated and phase detected to obtain error voltages

wvhich are used to drive the antenna so that the azimuth and elevation difference

signals are minimized.

3.2.4.2 Step Track

The step track antenna feed is a single horn, and amplitude of the received

signal is used instead of its phase to maximize the received signal level.

3-14

, I



The antenna beam is moved by preset Increments alternately in azimuth

-and elevation. If the signal level increases during the first azimuth movement,

the antenna is moved in the same direction during the next azimuth movement.

If the signal level decreases, the antenna is moved In the opposite direction

the next time. The elevation movement is similar.

In comparison with monopulse tracking, step tracking has the advantage

of being simpler and less expensive. However, there is a signal loss with

step track because the antenna does not always point directly at the satellite.

3.2.4.3 Program Track

In program track, the orbital data relative to the satellite path are stored

in a digital computer which continuously computes the antenna pointing angles

and commands the antenna to point at these angles.

Program track has the advantage of not requiring a signal from the

satellite. However, the cost of this technique has limited its use except for

acquisition. A
3.2. 5 Intermodulation Problems

Problems arise when a nonlinear process causes transmitted signals to

create intermodulation products within a receiver pass-band. Three cases are

of importance in earth terminals. The first occurs in any FM microwave relay

terminal when antenna or transmission line Impedance mismatches cause large

delayed reflections. The second occurs in any amplifier carrying two or more

signals if the signals are large enough so that the amplifier characteristic is

nonlinear, and if the signal frequencies are poorly chosen or too numerous

for ease of control. The third case occurs with the same awkward frequency

selection if the transmitted signals are present in the same transmission line

with amplitudes strong enough to generate a product within a receiver pass-band,

usually at some slightly rectifying waveguide joint.

3-16



U
3.2.6 Terminal Availability

The availability of a terminal is the fraction of time that it is available

L Ifor use. Outages are caused by failures and maintenance requirements. If

redundant standby units are not included in the terminal, the availability is

I about 0. 95, which is too low for DCS traffic. To obtain an availability of about

0. 999, at least one standby unit of each type is required except for the antenna,

diplexer and antenna drive.

.3.3 UHF EARTH TERMINALS

The part of the UHF band used in military satellite communications sys-

tems is 240- to 328. 6-MHz and 335. 4- to 339. 9-MHz.

3.3.1 Comparison of UHF and SHF

The downlink free space loss at UHF is 26 to 29 dB less than at SHF and

- rain attenuation is not important. Therefore, the gain op the UHF terminal

antenna can be much less than at SHF. Even when the physical sizes of the

- SHF and UIF antennas are about the same, the reduction in antenna gain

re7-ults in a wider beamwidth and therefore eases the tracking problem. How-

ever, reduced data rates usually required for mobile UHF circuits permit further

reduction in size and cost as well as enhanced mobility. UHF has the additional

advantages of lower equipment costs and higher transmitter efficiencies. The

latter is of particular import,,nce in the satellite, where prime power is

limited.

The basic disadvantage of LHF is that the band is heavily used by air-

ground and air-air communications. Because of this, very little spectrum is

available for satellite communications. Therefore, the use of UHF is limited

F- to signals with low information bandwidths. The available spectrum can best

be used by having a number of terminals share a common frequency channel

. Iusing push-to-talk or broadcast operation. Therefore, UHF is used primarily

for tactical satellite communications from vehicular, shipboard and airborne

terminals.
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3. 3. 2 Antenna Subsystem

Lrge p.rabolic dishes are not normally used for UHF eti rth terminals.

Typical antennas are shown in Figures 3-8 through 3-10. The vehicular terminal

has a short backfire antenna with a gain of. 13 dB and a beamwidth of 40°.

A tracking subsystem is not required since the antenna is positioned mechanically.

The large ,-hipboard antenna is an array of four crossed-dipoles with ai .

gain of 1;3 dB. The small shipboii-d antenna is a single crossed-dipole with

a gain of 8 dB. Both are manually positioned by the operator.

Botha !ha airborne Antennas of Figure 3-10 are fixed antennas with

typical gains of 0 dB. The crossed-dipoles are used at high elevation angles,

the blade at low angles.

3.3.3 Transmitter Subsystem

A UHF terminal has only a 70-MINz interface with the modulator. The

modulator output is up converted in a single stage to the transmitted frequency.

Because of the low information rate transmitted, the transmitter power rarely

exceeds 1 kW even in an airborne terminal.

3.3.4 Receiver Subsystem

The antenna noise temperature at UHF typically is 2500 to 450K. Since

this is so high, extremely low-noise devices such as maser and parametric

amplifiers are not used. Typically a tunnel diode amplifier is used and yields

a system noise temperature of about 10000K.

3.4 EARTH TERMINAL SITING

The following paragraphs provide criteria pertinent to the selection of

sites for an earth terminal and related facilities for the Defense Satellite

Communications System, and provide guidance for collection of engineering

design and field survey data. More detailed coverage is provided in Supplement

8 to DCA Circular 370-160-3, "Site Survey Data Book for Communtcations
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Facilities," which furnishes criteria and establishes procedural guidance for

conducting site surveys and serves as a standard reference guide for those

who have been assigned the responsibliities for conducting site surveys.

Possible earth terminal locations are tentatively selected prior to a

detailed site survey. Site survey teams are concerned with determining how

well the facilities can be adapted to the proposed sites. When several

alternate sites are surveyed for a specific facility, the most suitable and

appropriate site that meets the facility criteria will be recommendcd for

selection.

The following is a presentation of the site selection criteria which have

been used for technical guidance during site surveys, site selection, and sub- A

sequent facility design. A

3.4.1 Land and Terrain Considerations

Siting requirements for an earth terminal station location should

include: ]
1. For a multiterminal site, a minimum separation between terminals

for protection against mutual radio frequency interference (RFI). j
When one antenna may look over another antenna, the separation

between the two must be large enough to permit the beam path of

the former to have a clearance of at least 5-degree elevation

above the latter antenna. Survivability considerations may also

make an intervening ridge desirablc.

2. Remoteaess from heavily populated areas. This is desirable

because:

a. Electromagnetic interference (ETAI) from local sources

may cause disturbances in earth terminal antennas.

b. Earth terminal transmissions may cause Intermodulation

in local TV and broadcast receivers.

3-22
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3. Ideally, location in a relatively large, basin-shaped area with

S- -: a uniform horizon mask of about 2. 5' . This would proide

maximum access to satellites in all orbital configurations combined

-with protection from RFI, assuming that no RFI sources lie within

the horizon of the terminal in the line-of-sight of the antenna. In

most cases, however, a perfect basin-shaped site area clear of

obstruction will not be found. It is, therefore, necessary to

- ,survey the site to determine if there are obstructions that will

mask the satellite at any particular azimuth, and to use natural

screening from interference where possible.

4. Earth terminals should have an uninterrupted source of power

supply. Primary power supplies must have adequate auxiliary power

7: sources available which can provide emergency (backup) power

during critical and noncritical periods.

1 7'
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SECTION 4 - MULTIPLEXING, MODULATION AND CODING 

4.1 GENERAL

In addition to the satellite and the basic earth terminal, there are three

components that can play major roles in establishing satellite communications

circuits. They are the multiplexing, modulation and coding (bit error control)

equipment. As shown in Figure 4-1a the multiplexer combines various

signals into a common baseband and passes the signal to the RF modulator,

which in turn modulates the information on the earth terminal transmit car-

rier. At the distant end the earth terminal receivers shift and amplify

the signal. It is then demodulated and passed to the demultiplexer, which

breaks the common group baseband into the individual signals that were sent.

.- - This is shown in Figure 4-lb.

The encoder and decoder (shown dotted) may be added to improve bit

error performance in digital systems. The following paragraphs discuss
the operation and capability of each of these three types of equipment.

4.2 MULTIPLEXING TECHNIQUES

* -. Multiplexing is a method for simultaneously transmitting several

messages over one transmission path. There are two general methods for

accomplishing this: (1) the division of the available frequency spectrum into

discrete bands each of which carries one of the messages, and (2) the

division of the available time into discrete intervals which are assigned

• successively to the several messages. The first method is called frequency

division multiplex (FDM) and the second time division multiplex (TDM).

4.2. 1 Frequency Division Multiplex

The most common form of multiplexing presently used is FDM. it is

used in most terrestrial networks as well as with satellite communications,

and the same principles apply to both media,

4-1!I
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In an FDM system the available bandwidth is divided into several sub-

b hands and the various independent information signals (messages) to be trans-

mitted are shifted into assigned subbands. The combined signal is then used

to modulate the final carrier for transmission.

I- 1For example, consider a telephone channel requiring a total bandwidth

of about 4 ktlz and capable of transmitting one high-quality voice circuit. If

£ 12 channcls are brought together, the first one will occupy the band from 12

to 16 kHz, the second will occupy the band from 16 to 20 klz, the third

occupies 20 to 24 kHz, etc.. up to the 12th channel, which would be modulated

1 ,on a 44-kHz carrier and occupy the band 56 to 60 ktlz. This entire band of

.-- frequencies, 12 to 60 kHz, carrying 12 independent telephone channels may

M,,, then be placed on a wire line. modulated onto a UHF or microwave trans-

mission frequency, or used as a group tit in combination with other groups

formed in the same way and with successive groups frequency-translated to

higher bands, may form a "supergroup." And if the transmission bandpass

is sufficiently wide, a number of supergroups are combined for final modu-

-- lation of the carrier frequency. A group normally consists of 12 telephone

channels; a supergroup consists of five groups. Usually, the first group

v ":occupies a band of frequencies from 12 to 60 ki-z, leaving the space from

0 to 12 kHz available for orderwire, signaling, etc.

By this method, several hundred tclephone channels will be carried on

one transmission circuit, the total number possible being limited only by the

I power and bandwidth of the transmission path and the availability of frequency

translating equipment, etc.

I At the receiving site, the chamelb are recovered from the detected

carrier by the use of precision filter networks that separate the supergroups

into groups, and the groups into single channels. After combining th.! channels

and throughout the transmission system until channel separation, system
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linearity is of vital importance. Nonlinear elements or factors result in

unwanted intermodulation, which causes distortion and crosstalk between

the channels,

Each telephone channel may itself be subdivided into several teleprinter,

data or other digital channels by time or frequency division. Frequency-

division of a single telephone channel is normally accomplished on a tone-

keying basis. Two tones 85 Hz apart are allocated to each telegraph channel, 7

one for mark and one for space. At the receiver after the telephone channels

have been separated, those carrying telegraph channels are sent through A

additional filter systems to recover the keyed tones corresponding to the " I

telegraph channels. It will be seen that the keying of mark and space tones

is the same as frequency-shift keying of a carrier.

4. 2. 2 Time-Division Multiplex

Digital coding systems by their very nature offer an attractive means

of multiplexing. In a typical pulse code modulation (PCM) system for voice,

the functions performed by the PCM modulator are sampling, quantizing,

encoding, and modulating. Encoding here refers to the digital representation

of an analog quantity. This is different from encoding for error correction

purposes, which was referred to in Paragraph 4. 1 and will be discussed in

detail in Paragraph 4.4. Voice waveforms are usually sampled at 8000 Hz, 4
or once every 125 microseconds. This is often enough for excellent reproduc-

tion of the received signal, since the upper cutoff frequency of ordinary

speech channels is below 4000 Hz. If the quantization levels are correctly

chosen, 128 different levels can convey the speech message with a high degree

of fidelity. The levels are usually nonuniformly spaced su that small signal

amplitudes are more finely quantized than are the large signal amplitudes. *1
Each of the 128 (2 7) levels can be represented by a distinct seven-digit binary

code word; for example, if the levels are labeled 0 to 127, then the ith level

4-4 I
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can be represented by the binary representation of i. The pulse code is then

seven equispaced pulses per sample, with values of 0 or 1 according to the

digits of the code word.

Finally the sequence of bits or encoded quantized voice samples, is

modulated in an appropriate manner for the transmission medium. If the

bandwidth and signal-to-noise ratio of the transmission channel are greater

than necessary for the single PCM signal, TDM may be used to multiplex

additional messages and send them all over the same channel. An example

of how this may be done is shown in Figure 4-2.

In Figure 4-2, the multiplexing occurs at the earliest possible point:
: "between sampling and quantizing. Multiplexing could take place at a later

point, for example between encoding and modulation, but this would require

separate quantizers and encoders for each baseband. At the receiver the

order of the processing is reversed and each baseband is low-pass filtered

to recover the original speech waveform as shown in Figure 4-3.

In addition to the bits representing message information, TDM/PCM

systems usually transmit bits for supervisory signaling and frame synchro-

nization. One frame is the group of Information and supervisory bits

produced during one revolution of the multiplexer commutator. A typical

frame format is illustrated in Figure 4-4.

In Figure 4-4, 3 bits have been allocated to supervisory information,

such as message identity and length, and to frame synchronization. Seven

bits have been allocated to each of the three voice channels. Assuming the

original sampling rate of 8000 Hz per voice, the transmitted bits will be

spaced 125/24 = 5.2 microseconds apart.

Any mode of digital coding lends itself to time-division multiplexing by

interleaving channels. The only requirement is that the receiving equipment

be able to separate the several channels so that the sample pulses may be

4-5
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used to reconstruct the original modulating signal with distortion within

acceptable limits.

4.3 MODULATION TECHNIQUES (RF)

The process by which information is impressed on a suitably choosen

RF carrier frequency for tranem~ssion is referred to as modulation. The

two forms of modulation that are normally used to convey information are

analog and digital modulation processes. Analog modulation methods encom-

pass those techniques which vary the amplitude, phase or frequency of the

carrier over a continuous range of values in response to source information.

Digital modulation methods encompass those techniques that cause discrete

changes in the amplitude, phase or frequency of the carrier after the source

information has been digitized into a stream of marks (ones) and spaces

(zeros) prior to the carrier modulation process. Both analog and digital

modulation methods attempt to convey the source Information using the

minimum amount of available average power and bandwidth while maintaining

the system performance goal or quality of the transmission.

The performance measures applied to analog modulation systems do not

coincide precisely with those applied to digital modulation systems. For an

analog modul.tion system the performance is usually measured in terms of

receiver output signal-to-noise ratio (S,/N) for a given receiver input S/N

ratio where the bandwidth of the measurement is equal to the intelligence

bandwidth of the source (e. g., the highest frequency component of the source

if the bandwidth of interest starts at zero frequency). Digital modulation

system performance, on the other hand, is usually measured by the probability

of error in making a decision at the receiver as to which information bit (1 or

0) was sent (probability of bit error or bit error rate). Despite the differences

in performance measures there are many unifying features between these two

modulation schemes that can form a basis for comparison. The principal
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-comparison standards usually used concern the efficiency of both techniques

in their use of average power and bandwidth when compared to a theoretically

ideal system standard. For either technique, performance is a function of the A
i - 4 bandwidth expansion factor, m, of the modulation process. The bandwidth

,- expansion factor Is defined as the ratio of RF spectrum required to the total

-k+ intelligence bandwidth which is transmitted by the information source. For
analog modulation techniques, the spectrum occupancy is strongly influenced

by the highest frequency, fm' which Is contained in the modulating signal;
mj

for digital systems the spectrum occupancy is strongly dependent on the

transmitted cata rate, R, in bits per second. In both systems the RF spectrum A

or bandwidth occupancy of the modulated signal will be designated as B IHz

and this bandwidth must be less than or equal to the total available channel

bandwidth, W i. e., E t. W Hz). Consequently, m is defined as:

- for analog modulation

Tc B/R; for digital modulation

The classic work of C, E. Shannon Is used to demonstrate the power/

bandwidth tradeoff inhere'at in modulation systems, Shannon's equation gives

the maximum rate, called the channel capacity, which can be transmitted

K theoretically over a channel. The equation is written:

where C is tie highest possible data rate in bits per second that can be

reliably transmitted over a bandwidth W, when the receiver has available an

average signal power of P watts and an average thermal noise of N watts.

I Starting with Equation (4-2), relationships between power and bandwidth for

analog and digital modulation have been derived.

4-9



For analog modulation Shannon's equation can be rewritten as:

'-'-5 (4-3)
0 0 m Im

, s

.N wher S detector output signal-to-noise ratio,
0

S -

and N receiver input signal-to-noise ratio in the intelligence
o m bandwidth.

,i

Thus, the right side of Equation (4-3) is the upper boundary on the value of
S
(). Figure 4-5 is a plot of Equation (4-3) for various values of m, Incluling

m . It indicates the reduction in required power input with the increase
in bandwidth for analog modulation systems.

For digital modulation Shannon's equation can be rewritten as:

EbIN °  nm (2 -1) (4-4)
bo0

where Eb =-energy per bit of information

and N noise power density (watts per Hz). "
0

The term E /N is a commonly used factor in defining power required for
-3

transmitting digital information.

The factor E /N is plotted in Figure 4-6 and represents a lower bound-
bo0

E ary on the required value for high-quality reception. The bit error probability . j

is a function of E /N in any digital modulation system. Digital modulation -
bo0

can operate with values of m less than or greater than 1. Using m less than

I corresponds to each symbol containing several bits of information. This is

* termed multilevel digital modulation. As expected from Figure 4-6, the

bandwidth reduction is accompanied by an increase Zn the power required for

a given bit error rate. Howevcr, using several transmitted symbols to convey

one bit of infcrmation increases the bandwidth but allows a reduction in the

required siginl power.
4-10
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4.3.:1 Analog Modulation Techniques

7r ~4.311ApiueMdlto

In this paragraph the most commonly used analog modulation systems,

amplitude modulation (AM1), and frccjuencN, modulation (FM) will be introduced.

Their performance will be investigated and compared to a theoretically ideal

system's performance.

The basic equation for an amplitude modu. ted carrier is:

y(t) A Il [1 Yf(t)J cos 2rf ct (4-5)

wvhe re y(t) modulated carrier

A -amplitude of unmodulatcd carrier
0

Y modulation index, L,-;Y< 1

f (t) modulatirg signal, 1J't)j 1

f - frequency of carrier
C

The spectrum of y(t) will contain the original carrier, as well as components

above and below the carrier frequency, as a result of the modiulating waveform.

in Figure 4-7.

In Figure 4-7:

F(12 irf) Fourier transform of f(t)

Y(27f) Fourier transform of y(t)m

f highest angular frequency in the modulating waveform, f (t).M

Three commonly used amplitude modula-tion techniques modify the

modulated carrier spectrum in fiff'2rcnt ways. Double sideband AMN (DSB-

A M) uses the carrier and hol1: s i bards, as showni in Figure 4-7. In double

sideband suppressed carier AMI (DSB-SC-AMl) the carrier is eliminated.
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in single sideband modulation (SSI3-A1Il), the carrier and one sideband are

eliminated.

oil The performance of these forms of AMI is illustrated in Figure 4-8

where (S/N ) receiver output signal-to-oerai
0

(S /N f ) receiver input signal-to-noise ratio mneasuredI withinA
i om

the intelligence bandwidth, 0 - f
m

For comparison the curves representing theoretical upper performance

£boundairies of analog modulation systems arc repeated in Figure 4-S.

f -
Note the following obsenvations: -
1. The most efficient form of DSB-AM1 (that with modulation index

y-1) is about 5dB poorer in performance than DSB-SC-AM~ or

SSB-All.

2. The' modutlation index Y, which relates the amounts of power in

the carricr and the siclebands, does not appear as a parameter

in the perLformnance curves for DSB-SC -AM1 and SS13-AAM since

these forms of modulation do not transmit a carrier component.

:.The performance of SS13-AIM equals the ideal syste perforac

for in 1

1. DIS1-SC -A 21 performns .,s well os SS13-AM~ on a signal power basis

but reqjui res twice the bandwidth.

4. 2. 1.2 F rcquenc3' Mod'.ilation

I.An FM signal niny be expressed in the form:

Sit A ct.s 2r f t f ISI)rt 46
d) f) M i) 46

4-15



5cc __ _ __- 4 2

20J . (DB

*M a

*V 2

4 10 010 * 0 304

S, !N (B

Figure~~~~~ 4-.Aao *M r3frac

4-11;



where S (t) the modulating process; S (t) I for all t; e.g.,

cos 2 ir f A

fd the maximum instantaneous-frequency deviation

v -. the modulation index .f /f
d i

Frequency modulation derives its name from the fact that the instan.-

taneous frequency, denoted f., depends linearly on Sm (t); that is:

-If t f S(t) t];f f S (t) (4-7)(idt o ~ io d In

The R s)eCtral occupancy of an FM signal is normally taken as: 4

2f(m (Y/ 1); Y2 1 A

B- m B(4-8)
2f ;Y<1

rn4

B is often called the Carson's Rule bandwidth for an FM modulation system.

Under certain conditions the performance equation for FM has the following A

form:

(S,/N) (3/2) - ( i_ ) (4-9)
Nf- I

o m

The conditions which must be satisfied for Equation (4-9) to be valid

-are that the FM demodulator is operating above threshold, the S (t) function

is v:irying slowly (quasi-static assumption), and Y > > 1. Equation (4-9) can

also be expressed in terms of the bandwidth expansion factor as follows:

S31 )2 1 L-'
(S/N)o :3/2 ( 2- N) (4-10)

This relationship dle-crtbes the performance of in 'AM system provided the

FM demodulator is operating above threshold. The threshold region is

qualitatively defined as that value (4 input S,/N below which the demodulator

J 1 performance exhibits :mn1inmlis behavior (e.g. , phase flips and cycle skip-

ping). To avoid Ihis, type of hchbtvior the input S,"N, measured in bandwidth

B (Equation 4-8), must satisfy the follo, ing constraints:
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-10 lOgl 0 ' T(dB) (4-11)

N f 1 fo m m

where the threshold level is T.

Whereas conventional demodulator thresholds are 12 dB, values as

low as 3 dB may be realizable with more advanced demodulator designs

such as phase-lock loops or feedback "eceiver implementations. When the

demodulator is operating above threshold, the performance bandwidth trade-

off given in Equation (4-10) is obtained. Results for some typical values of

bandwidth expansion factor are shown in Figure 4-9, with the theoretical

performance boundary from Equation (4-3). Note that increasing (S/N) for
0

a fixed (SI/N f ) requires less efficient spectrum use (i.e., large 'y implies

B/f m> 1) and that the theoretical performance curves can only be approached

if the demodulator threshold is reduced. Practical design problems prohibit

continued reduction of the threshold and hence prohibit achievement of

theoretically ideal performance. Figure 4-10 illustrates the use of preemphasis

to compcnsate for the nonlinear rising spectrum of noise from the demodu-

lator.

4. 3. 2 Digital Modulation

A good digital modulation system is one which communicates the

maximum amount of data reliably. The performance of a digital system is

bounded theoretically by Shannon's classical results, which state that

given sufficient processing, data at rate R in bits per second can be communi-

H: cated with arbitrarily small error through a channel of capacity C, provided

R < C. More specifically if a channel is linear, restricted to bandwidth B,

has average power S., and is perturbed by additive while Gaussian noise

(with single.-sided noise power density N), cien:
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Rs C B log,, 1 N B (4-12)

This equation can be rewritten In termns of the system bandwidth expansion

I factor (m :- B/1) and ihe tvailablu energy per bit-to-noise density ratio,

E /NO S ./NoR, as follows:

EbR:

1 nS log 2  (4-13)r] !l~iI~s; 1 + N B (-3 .

T0

This leads to Equation ,I -l ) which gives the minimum possible energy per

I)t-t(,-noise density t'atio 1hat is required to reliably communicate with band- A

width expansien factor m.

In a binary digital conilnunication system (higher-order or M-ary

systems are pt;ssible W.t will not be discussed), the tranismitter selects and

sends one of two basic waveforms depending on whether a binary zero or one

is delivered by the digitized (i.e. , sampled and quantized) information source.

For example, if the Ntlh erm of the binary digital se(uence is a zero, the

.ystem transmits, during interval NT < t ! (N ' 1) T, the signal waveform
S (t); if it iS, a one. the system transmits S (t). Since T seconds are required

to transmit one syml)ol '4 the sequence, the transmission rate is 1/T symbols

per second. If the binary data source selects the its of the sequence with

-- equal probability and indcpcndently, then each symbol conveys ore bit of

information and hence the information rate is 1,'T bits per second. Because

of the addition of noise (e.g. , the reiiver ,vill always have a finite tempcrature

and thus will add o finite noise power density to the received signal), there

will be a nonzero probability that the receiver will make an error when

attempting to decide whether S 0t) or S (t) ,as transmitted. The performance

of the digital system therefore is measured in terms of the probability that

the receiver will err in making this and subsequent decisions. To calculate

the performance of a particular digital modulation technique requires knowledge

-4-21
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of the form of the waveforms selected for transmission, the transmission

channel characteristics and the exact structure and decision rule employed at

the receiver. The signal waveform characteristics of interest are the energy

per signal, the spectral occupancy and a measure of the basic difference in the

signal structures used to represont transmitted zeros and ones (this latter

characteristic is referred to as the signal's normalized Inner product and

is denoted as 0). The channel characteristics of interest pertain to its linearity,

phase response and noise properties. The receiver structure details pertain

to the a priori knowledge assumed to exist regarding which signal was sent,

knowledge of the signal structure (I. e., the signal's epoch, amplitude, phase

and frequency), and the decision rule employed. For example, if information

is conveyed by shifting the carrier phase 1800 to represent a one and by 0*

to represent a zero (space) and all other aspects of the waveforms are identical,

the system usually is referred to as binary antipodal modulation, or simply

binary phase-shift keying (PSK). For an additive white Gaussian noise channel

that permits retention of carrier phase information, the optimum receiver

can be shown to be a coherent matched filter receiver with one filter matched

to each of the phase states sent at the transmitter. Exact knowledge of

received signal time, phase and frequency is required to implement this ideal

detector, a-nd the decision rule is simply to look at the outputs of the matched

filte -.!ry T seconds and decide !a favor of the filter with the largest

output (this assumes ones and zeros are equally likely to have been transmitted

and that ties are resolved by simply flipping a coin). For this binary PSK

system with a coherent ideal PSK detector, the performance is given by:

PE = Q ( b); (coherent, antipodal PSK signals) (4-14)

where Q(X) = 1 exp(-y 2/2) dy
f-
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.T T

E* signal energy ( t) dtt OE
0O 0'1 -A.--

and the normalized inner product a measure of the correlation Gf tue binary

signals, Is: .. ."

T So(t)S (t)dtp 0 1 -1 ; (antipodal PSK signaling)
Eb

In the event that the channel does not permit a coherent detector It. be

built; i.e., the received signal's phase is a random variable, -7r . 7 r,

an optimum noncoherent receiver may be built. In this case decisions can

be based on the magnitude of the envelope of the received signal (since the

phase information has been destroyed by the channel).

The transmitter can elect to send one of two frequencies (frequency-

shift keying, FSK), to represent the binary source data. Such a selection

causes the normalized inner product, P, of the signals to be zero ,referred 4

- to as orthogonal signaling) uid the performance is given by

-E:. D
PE 2 cxp( - (noncoherent, orthogonal FSII signals) (4-15)

2i 2N

For coherently detected orthogonal signal sets, such as coherently

detected frequency shift-keyed (FSK) signals, the performance becomes

P -Q J;, (coherent, orthogonal FSK signals) (4-16)

For all but high PE cases tM E b/N required to achieve a given PE with non -

Icoherent reception is about twice that required with coherent reception.

*1

E U nergy per bit E for these systems, since there is one bit per s nibol.

4-23
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An intermiediate case, referred to its 'tdifferentially coherent PSK.'! is

I also of interest with binary digital systems. Unlike the preceding sy~tcns,

in differentially coherent PSE (6 PSK), ;I binary one dictates a change in phase

%. in the transmitted signal and a zero dictates no change in phase. The receiverI requires two sets of detectors with overlapping operation; while one operates
on the received signal during even intervals forming decisions on even- -

numbered data syrabols, the oth , r operates during the odd intervals forming -

decisions on the odd-numbered data symbols. In effect the phase of the pre-

ceding symbol serves as a reference for the present symbol. The performance

of a PSK is given by

- exp ()( PSK) (4-17)
0

It should be noted that for a given PE exactly one half the energy is required

in J a PSK system relative to the noncohe rent orthogcnal signal ca-se (non-

c()h.21'Cnt, FSK).

Performance curves for each of the binary digital systems discussed

above are shown in Figure 4-11. Finally, the bandwidth expansion factor

for these signaling schemes can be ,;howvn to be:

B orthogonal (FSK)

I -i1 :ntipodal (PSK and PSK)

Gcncralizations of these basic concepts to higher-order alphabet systems

(M- iry) arc conceptually easy. Digital communication systems of this typc

use X consecutive symbols of the data sequence to select and transmit one

of .M -2 stored signals (K 1 for binary systems). The perforn--nce

obtained requires less E b/N than for the binary case but requires an expo-

nential increai -z in bandwidth and receiver complexity rclntive to the binary

signaling schemes.
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I.-I CODING'LCIINIQtUES _ .

II the I)CCL'CCding lisCLISSiOfS on the performance of digital 1 n dlIL:ttion/

(clItiodulktion (modem) tcechniques, the probability of bit error (I' for a given

energy per bit-to-noise-density (Eb/N ratio was used as a mc:isurc of how

well the mobcem could operate. A modulation technique that satisfied the
sste probabilit( specification without 'equiring an

excessive EI)N atio (E - ratio of iverage received carrier power to data

rI-:tc, P 'R I or bandwidth allocation was dceemed an acceptable choice, Further-
iJ

more, since the performance of an ideal digital system could be calculated

under certain conditions, it was possible to assess how any particular choice

of modern deviated Irom the ideal and to quantitatively measure how much

loss was incurred relative to the ideal system. To specify the ideal system's

p)erfornalce it was necessary that the channel, or moden-transmission

medium combination be lircar, restricted to bandwidth 13, average power P

and be perturbed only by 1 , ditive white Gaussian noise (AWGN), w:h single-

sided noise power density N (watts/Hertz). These considerations are of more
0

than academic interest since many satellite communication systems can be

modeled as an AWGN channel. It is precisely for this reason that forward

acting error correcting (FEC) coding techniques can and should be applied to

satellite communic'ition system designs. These FEC techniques allow a system

design that better approximates the ideal system's performance. In general,

the coding technique changes each information bit--input from the sourec--

into a sequence of binary digits or symbols before transmission over the

satellite channel. The coded sequence or representation of the information

bit has t structure that permits the complementary decoding technique at the

receiver to properly identify the transmitted information bit despite errors

Lhat occur in the coded sequence because of the channel noise conditions. The

set of rules used to represent an information bit by a sequence of symbols at

the transmitter is referred to as an encoding technique and the corresponding

set of rules used to unscramble the received sequence to ar. inlormation bit is

4 -26



referred to as a decoding technique or algorithm. %\hen the encoding-decoding

technique does not rely on retransmission strategies to decode an information

bit it is referred to as an FEC coding strategy or technique. These FECA
techniques are distinctly different from automatic repeat request (ARQ)

techliques thai rely on detecting the presence of an error in the received

sequence (only detecting not correcting) and automatically requesting a re-

transmission of any bit or sequence that has been detected to contain errors.

In satellite communication system applications, ARQ techniques are of only

limited utility since the long propagation delays (1.'4 second) and occasionally

high error raites due to rain severely limit the throughput of ARQ systems.

Consequently only FEC techniques will be treated in the remainder of this

discussion.

The placement of an FEC encoder-decoder in a typical communication

system configuration is indicated in Figure 4-12. Thus, from the FEC

coder's standpoint, the channel includes the items showi between the dotted

lines of Figure -1-12. There are two broad classes of error-correcting codes;

namely, block codes and convolutional codes. With block coding techniques

each group of K consecutive information bits is encoded into a group of N

symbols for transmission over the channel. Normally, the K information

bits are located at the beginning of the N symbol block code and the last N-K

symbols correspond to parity (check) bits formed by taking the modulo 2

sum of certain sets of the K information bits. Block codes exhibiting this

property are referred to as systematic block codes. The term block code

stems from the fact that each block of N symbols corresponds to a particular
st

group of K information bits. The encoded symbols for the K ! 1 bit and

beyond are completely independent of the symbols generated for the first K

information bits, and hence cannot be used to help decode the first group of K

*Modulo 2 binary arithmetic is normal except that 1 0 1 0 where the input

information stream is assumed to be in binary for'n; that is, I mark and

0= space. For example, 0011 - 1010 = 1001.
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information bits at the receiver. Because N symbols are used to represent K

information bits, dc (code) rate (UI) of such a block code is K/N bits per

J symbol (R K/N). The encoder structure for the (N-7, K-4) binary code

is shown in Figure 4-13. The information bits are stored in the K=4 storage

j devices, and then the device is made to shift N 7 times. The first K

symbols that come out will be the information symbols, and the last N-K

symbols will be a set of check symbols that form the whole N symbol word.

A block code is often denoted with the symbols (N, K, t); N corresponds to the

block length, K to the number of information symbols in the word and t to the

number of errors in a block of N symbols that the code is guaranteed to

correct. The cod- of Figure 4-13 is a (7, 4, 1) code in this notation.

Figure 1-11 is a block diagram of a convolutional encnder. Information

bits are shifted to the right through the L stage shift register as new information

bits enter from the left. Bits out of the last stage of the shift register are

discarded. The bits are shifted one position each T seconds, where 1/T is the

information rate in bits per second. The modulo-2 adders are used to form

A the parity check bits, each of which is a binary function of a particular subset

of the information bits in the shift register. The parity check bits are seen

to depend on a sequence of L information bit., so that the constraint length

of the code is L.

Once each T seconds, the terminals labeled 1, 2... r are sampled

in succession. Thus for each information bit fed into the encoder, there are

r parity check bits at the output. These output parity check bits are referred

to as symbols. Since each symbol carries an average of 1/r information bits,
the code is said to have rate 1/r.

IWhen the first modulo-2 adder is replaced by a direct connection to the

first stage of the shift register, the first symbol becomes a replica of the

I information bit. Such an encodLr is termed a systematic convolutional encoder.

j The code can be thought of as forming a tree structure. At each node

the information hit determines which direction will be taken; up for a 1 and

4-29
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down for a 0. The r digits occurting on the branch selected correspond to

the output symbols. A particular sequence of information bits then describes

a particular path through the code tree. This will be illustrated by the

following example.

Consider the rate 1/2 encoder of Figure 4-15 and let the shift register

contain all zeros initially. Now asstmie that the input sequence of information

bits is 1100 .... The path dcfined by this sequence is illustrated as the he:lvy

line in the code tree of Figure 1-16. Since the code generated by this encoder

is a systematic coae, the first digit of the output at each branch is the infor-

mation bit, as shown in Figure .4-15. The second cigit is the output of the

modulo-2 adder in Figure 4-.5. After the first information bit is fed into

the shift register, the contents are 1000000... , so that the output of the adder

is a 1 and is shown as the second digit on the first branch of the code tree.

After the second input to the shift register, the contents are 1100000.. . , and

the adder output is a 0; this is easily seen since the mnodulo-2 sum of an even

number of is is a 0. Continuing in this fashion, the remaining portion of the

tree can be constructed. It should be noted that tulike block codes, convolutional

codes have no formal block structure in the generated code words, That is,

past information bits do have an influence on the symbols used to represent a

p)resent information bit. The code can be constructed by taking the convolution

of th, shift register tap connection set (c%.de generating polynomial) with the

information bit paLtern; helice the name convolutional codes.

Decoding algorithms for block and convolutional codes are usually quite

different. The formal structure of the block encoded words permits deco(lding

by taking advantage of the the ]mown structural properties of the words or the

algebraic nature of the constraints among the -3ymbols used to represeent al

information sequence. Examples of decoding algorithns for block codes are'

the "ilgebraic uthcoding techniques of Peterson, Chien and Berlekamp for the

Bose-Chaudhuri (BCH) codes. Decoding of convolutional codes, on the other
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hand, is often (lone usig the probabilistic techniques of Wozencraft (sequential

J] decoding) or Viterbi (Viterbi decoding). These latter techniques -'ely not on

the algebraic structure of the code words but on the ability to home in on the

] correct sequence by designing efficient search procedures that discard

unlikely sequences very quickly. As an example, consider a sequential

decoding algorithm for convolutional codes. The symbols presented to the

(lecoder arc the symbols generated as described in Figure 4-14 after they

have been corrupted by noise. In a communication system the output of the

demodulator would constitute the decoder input. Assume that the syra)ols

presented to the decoder are is and Os, each symbol being in error with

probability p (i. e. , assume a binary symmetric chan nel).

The decoder contains a duplicate of the encoder, whose shift register

contains the receiveCd information bits. By comparing the input-code -plus-

noise symbols at the input to the decoder with the symbols found at branch

- - points of the tree as in Table 4-1 the decoder attempts to find the most probable

path through the code tree.

The sequential lecoder diff rs from most other types of decoders in that,

when it finds itself on a wrong pa-th in the tree, it has the ability to search

back and forth, changing previously decoded information bits, until it finds

the correct path. The frequency with which the decoder has to search back,

and the depth of these L:,.kward searches, is dependent on the value of the

channel error probability (p).

One of the most important properties of ' sequential decoder is that, if

the chosen constraint length is large enough, the probability that the decoder

will make an error becomes negligible (e.g., less than 10- 9). The type of

error that becomes significant is the occurrence of an overflow, which is

J defined as being a situation in which tie decoder is unable to perform the

necessary number of computations in the pfci.uiiance of the tree scarch. To

be more precise, a computation is defined as h.'qng occurred when the decCKter
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ITable 4-1. Sequential Decoding Procedure

Mcssnge 1 1 0 0 Notes

(1c 1 01 01 Fig. 4-16

Noise 0 0 10 00 00 AsSumed

Input I1 00 01 01 (oi • Noise

IX, cis on Total

1 G) 1" 11
00 . 0 determinate

2 T r 11 10
((0 10 1

Tn, Il I (

00 ....... 01 ........................ I sam e as above

3 Try 11 10 10
00 10 11 

1.y 11 10 01
f)o ....... 11 ...... 00 ................ 1 lowest possible

Try I1 01 11h
00 01 o 2 check

Try 11 01 00
00 ....... 0 ...... o . 0.1........... '2 check

4 Go To 11 10 01 Ol
o0 '19 o0 00 1 lowest possible

'Iry 11 10 01 10
00 ....... 10 ...... 00 ....... 11 ... .. . check

NOTE, Total Is sum of digits in skim .nodulo 2 of Input and line Above Total

O: modulo 2 addition; e.g. 1(0 1 0

I



cxaminc3 a patl hrough the decoding tree. Since the decoder Is Abh: to search

biack ;ufj' itr z .- gh the tree, and does so according to Iow the errors arrive

at the (it. -to 1 pui .he number of computations the decoder must make to

decode - infer~iation bit Is q random variable. An Important parameter In

the system then becomes the average number of computations per decoded

information bit. A& long as the channel error probabillty (p) Is not too high,

the probability of decoder overflow will be acceptably low and thus satisfaclery

performance results.

The performance of block decoding algorithms, however, is determined

by the number of errors that the code is guaranteed to correc! (t) in a block

of N received symbols. If the channel error probability (ff It too high then

the probability of obtaining t + 1 or more errors in a bloc' of Is symls

becomes significant and hence the decoder will fail In Its :tt iiept to Identify

the transmitted code word.

Up to this point it has been assumed that the demodulator supplies

only hard decisions (that is, the demod output has been hard-limited) to the

decoder. If instead the demodulator output Is quantized Into 4 or 8 levels

(2- or 3-bit quantization, respectively), certain decoding algorithms can use

this additional informatlor to obtain a lower probability of c'*pt t bit error

than if supplied only with hard decisions. Both the sequm-ntal~ and Viterbi

decoding algorithms can effectively use this soft-decision demodulat )r Infor-

mation, giving these algorithms a distinct advantage over algebratc leccing

techniques that cannot easily account for this added Inforniatlc in a iking a

final decoder decision.

To gain some insIght into the performance of error-correttn codes

on random error chamnelt, Figre 4-17 is plotted. ve codes of moderite

complexity are shown. These are: BCII (15,7), Golay (24,12). Viter"l

(K=4), diffuse threshold (K4) and sequential deeoding.
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The curve for the sequential decoder is based on a rate 1/2 code

operating on a hard-decision binary symmetric channel (BSC). The curve

is shown as a nearly vertical lire to emphasize the relative insensitivity to

undetected errors. One of the curves for a Viterbi decoder is for 3-bit

quantization (Q=3) and the other Is for the hard-decision case (Q=1). The

remaining curves are based on calculations. Several observations from

Figure 4-17 are worthy of note.

For the parameters shown, the Viterbi decoder with Q=1 provides

performance exceeding that of the block codes and the threshold decoder.

The advantage oi the Viterbi decoder is even more apparent when quantization

is considered. Using a quantized version of the demodulator output, In lieu

of hard decisions, improves performance on the order of 2 dB. This

--mproiement may not be directly realized with block codes.

Another pertinent observation from Figuro. 4-17 is the increased slope

of the sequential decoder curve. This may be particularly imporiant W
-10

regard to performance requirements on the order of P 10
E

As an example of how effective FEC techniques can be in a satellite

communication system, consider the performance of the coded systems in

Figure 4-17 relative to the no-coding (ideal PSK demodulation) sy tem also
-5

shown in this figure. For a 10 output bit error specification, the improve-

ment in required Eb/N for these systems is shown in Table 4-2. As shown,

the largest coding gain is supplied by the sequential decoder, 5 dB. This

means that for a fixed received average power to thermal noise density ratio

(P IN ), the sequential decoder system can support a 5-dB higher data rate
r o

(3.2 times more data) than the uncoded system, or correspondingly, the same

data rate as the uncoded system with 5 dB less average power. Furthermore,

if even lower output probability of bit error rates are required than 10 , the

gain of the coded systems (particularly sequential decoding) relative ' the

uncoded system is even more impressive. Finally, it should be emp .sized
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Table 4-2. E /N Coding Gain for Several Coded Systems

System Required E bN ° at Gain (E bN ° Uncoded -

10 (dB) E bN Coding) dB1

No Coding 9. 6 -

(15.7) BCH 8.65 1

Threshold 8. 5 1.1

Golay (24.12) 7.5 2.1

Viterbi (Q=1) 7.1 2.5

Viterbi (Q=3) 5.1 4.5

Sequential (Q 1) 4.( 5

that this sizable coding uain comes at the expense of only a 2 to I increase in

channel imndwidth. All .he coded designs shown operate at a code rate of

1/2 (bits/symbol) arid hence the bandwidth required, for a fixed nodulation

method, is twice that of the uncoded system design. That is, the symbol

rate is 2 times the data rate with a rate 1 /2, bit per symbol code. This is

a very moderate price to pay for the dramatic savings ill satellite power

obtained with sequential or Viterbi decoding.
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r T SECTION 5 - SATELLITE LINK ENGINEERIXG

5.1 GENERAL

The design of a satellite communications link in.,olves many interrelated

factors. This section describes the general design considerations applicable

-to many types of satellite communication links. The key parameters are

described and typical values are given. The section describes the character-

istics of traffic carried by the link, the considerations involved in the choice

of a frequency for the link, and the bandwidth requirements of the traffic and

bandwidth capabilities of the important link elements. The important param-

eters and the performance of satellite uplinks and downlinks are defined and

examples given. Finally, link performance requirements are related to the

iPind and amount of traffic that may be carried. This results in development

of tables relating traffic requirements to satellite transponder power, which

is a crucial element in the overall satellite communication system design.

5.2 TRANSMISSION REQUIREMENTS

5. 2. 1 Analog Requirements and Standards

Two types of analog signals that are transmitted are voice and television.

An anlog voice channel is allocated a 4-kHz bandwidth. As described in Section

4, voice channels can be stacked by the "DM technique into groups of 12 channels

and into supergroups of 60 channels 15 grpups) for modulation of a carrier. The

important parameters to be controlled for end-to-end voice transmission on a

glolal-qua'ity channel are:

* Gain variation versus frequency: -3 dB to -6 dB referenced to 1000

h7 ove: .C-) Hz to 3400 Hz

* Circuit Noise: Median value of 10, 000 picowatts psohometric at a

point of 0 d13 transmission level (pWpO) per satellite hop plus 131
pWp0 for multiplex operations. This is equivalent to a weighted

j test tone-to-noise ratio at the receiver of 50 dB

5-1
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a Echo magnitude: 30 (B or more round-trip echo loss.

The valueS given are military specifications for a global-quality voice

channel, applying to DSCS Phase If Stage 2. For S'tage 1, 25,000 pWp() are

permitted.

The comriercial recommendation for a television channel is a video bad-

width for 5 MHz and a ratio of signal to weighted nois2 at the r*-ceiver of at

least 55 dB for 9 percent of the time.

Voice is the normal analog communication signal currently used in

military communications. In designing an analog voice communications system

account must be taken of the characteristics of speech signals and the statistics

of telephone talkers. In general, the amplitude of a single speech signal can

vary as much as 30 (lB. For transmission, it is important to keep the average

power as high as possible without clipping the speech too much in pek--powcr-

limited systems. It has been experimentally determined that the average power

can be maintained about 2 dB below the clipping level without causing the peaks

to be clipped more than 0. 01 percent of the time when the number of channels

is very large.

Whcn a number of analog voice channels are multiplexed for transmission,

the average total signal power is much less than the simple addition of individual

channel powers. The speech load factor is not constant .1nd it has been deter-

mined from statistical aralysis of telephone traffic that the average power, P.

in dB due to N channels, relative to the test-tone power of I milliwatt is:

P - 10 log N N >240

P -1 4 log N 12 - N 210 5-1)

5.2.2 DigitalRequirements and Standard-,

The information to be transmitted digitally, initially, may be either analog

or digital. If it is initially ar.alog, thc,. ar, analog-to-digital converter is

required at the rceeiving transmission end and a digital-to-analog converter

5-2
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Imay be required at the receiving end. Analog voice, for example, is usually

digitized to 641 kilobits per second (kbps). This rate is based on an 8-kilz

sampling rate and a 128-level (7-bit) amplitude quantization as discussed in

I Paragraph 4.2. 2. An eighth bit is added for parity. Imagery is also digitized,

resulting in high digital data rates.

The lowest digital data rate normally transmitted in a communications

- transponder is 75 baud (bps) teletype (TTY). If analog voice is also being

transmitted, four or more T'Y signals may be placed in one voice channel.

The highest presently anticipated digital data rate traffic is about 10 megabits

per second.

Digital data may be transmitted with or without coding. Coding increases

the bandwidth but decreases the transmitted power required from the transponder.

The criterion of system operation is the allowable bit error rate. In the DSCS

this is specified as a maximum allowable error rate of one error in 105 bit fcr

at least 99 percent of the time.

An important parameter in digital transmission is the required channel

" - bandwidth. If it is not large enough, intersymbol interference will cause the

bit error rate to increase above the prediction based on noise alone. It has

been determined that if channel filters limit the RF spectrum to 1.25 times the

bit rate, then intersymbol interference will be within acceptable values.

5. 2. 3 Antijamming Requirements

There is a requirement for certain links to be maintained in the presence

of electronic interference (jamming). Jamming resistance is achieved by

coding the information with a pseudorandom sequence to spread the spectrum of

-_ the transmitted signal to a bandwidth much greater than the information band-

width. Two techniques for achieving this are frequency hopping the carrier in

a pseudorandom fashion and superimposing modulation Ly a high bit rate,

pseudorandom code, on the data modulation. The latter technique is called

pseudorandom noise (PN). Digitized voice or data is used with these arntijamming

I techniques.

5-3r



The important characteristic of PN transmission is the wide bandwidth it

requires since its effect is to spread the spectrum of the carrier. The digital

data spectrum (data rate) must be small compared to the PN spectrum for the

antijamming characteristic to be effective. Typically, the protection is propor-

tional to the ratio of the carrier spread-spectrum bandwidth to the data bandwidth.

The spectra of PN transmission and regular data transmission can overlap as-

long as the data rate carrLd by the PN transmission is relatively low.

5. 3 BANDWII)Tli CONSIDERATIONS

5. 3. 1 Analog Bandwidth Requirements

For FM transmission of a baseband signal, the RF bandwidth required is

usually specified as the Carson's Rule bandwidth. For a baseband consisting of

a single sine wave of frequency fro or a spectrum of highest frequency f the
mIV

Carson's Rule bandwidth, B, required is: A

13 - 2 f (y 1) - 2 f + f d)

where f highest baseband frequency A

-modulation index

fd highest deviation frequency

A voice signal is assumed to occupy a band from 300 to 3400 Hz. Ilowever,

when multiplexing voice channels, 4000 ltz per channel is used to allow spacing

between voice spectra. In addition, the lowest channel frequency used for voice

may be higher than 0 to 4000 Hz, typically 12,000 liz to 16,000 lz. Thus for

N multiplexed channels f is taken as 12, 000 + 4000 N Hz. To (etermine them

required bandwidth the modulation index, -, must be found. Two simultaneous

equations must be solved to determine y and the bandwidth. One equation

relates the carrier poxer-to-noise density ratio at the earth terminal receiver

to y and f - The other equation relates the received carrier-to-noise density

ratio to the required demodulated voice signal-to-noise tatio, to y and fro and

to several fixed factors.
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Based on the previous signal power-bandwidth discussion there is a trade-

off of power and bandwidith to assure satisfactory operation of a link. Therefore,

the bandwidth required depends on the marSin designed into the system. The

higher the margin, the smaller the bandwidth. Examples of required bandwidths

are given in Paragraph 7. 3. 2.

5. 3. 2 Digital Bandwidth Requirements

PCM requires sampling an analog signal at twice the rate of the highest

frequency in the spectrum. The amplitude of each sample is then quantized at

a number of levels and a binary code is generated to indicate the level oi each

sample. This leads to a pulse repetition rate considerably higher than the

highest analog frequency present. As discussed previously, an analog voice

signal whose highest frequency is 3400 Hz is encoded into 64, 000 bits per second.

The bandwidth of a digital modulation system is related to the bit rate.

For binary digital modulation the required bandwidth is 1. 25 times the bit rate

for PM and twice the bit rate for FM. One of the important aspects of digital

- - modulation is that it provides the opportunity of bandwidth compression. This

- - is denoted as L-level digital modulation and is accomplished by modulating

- the carrier's amplitude, frequency or phase so that a number of amplitudes,

frequencies or phases can .,2 represented by ene symbol. If L = 2 then we have

binary modulation. In practically all cases mere power is required to maintain

- ' the same bit error rate as L increases. The one exception is quadriphase

t L-4) for PM where the required power is the same as with L=2 for a given bit

error rate.

Another possibility with digital modulation is increasing the bandwidth to

reduce the power requirements for a given bit error rate. This is accomplished

by the so-called M-ary digital modulation techniques. In these techniques n

consecutive symbols of the data sequence are used to select and transmit one

of m - 2 n stored signals. The m stored signals are chosen to bear specific

relationships to each other that result in lower required signal power.

5-5
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5. 4 FREQUENCY CONSIDERATIONS

5. 4. 1 Frequency Bands and Characteristics

In -an:!dering frequencies suitable for communication satellites, propaga-

tion and environmental conditions must be taken into account. The frequency

should be above 100 MHz to avoid ionospheric reflection and to permit reason-

able bandwidths. The ionosphere above 100 MHz changes the polarization of

the transmitted signal (Faraday rotation effect). Above 1 GHz Faraday rotation

is not generally considered a problem. However, between 500 MHz and 5 GHz

there may be a greater or lesser effect as a function of latitude, seaaen and time

of day. Above 1 GHz the propagational effect of importance is frequency-dependent

attenua,!on of the signal due to the atmosphere. The principal absorbing elements

in frequency bands currently being considered are rain, water vapor absorption
and oxygen absorption. The attenuation produced by ice particles In the atmos-

phere occurring as hail, snow, or ice-crystal clouds is much less than that caused

by rain at an equivalent precipitation rate. The attenuation due to rain Is con-

sidered negligible at L- and S-Band but at X-band it can be appreciable. Table

5-1, based on theoretical analysis, shows typical attenuation versus ground

antenna eievation angle at 8 GHz in an earth terminal-satellite link. Figure 5-1

presents theoretical values of attenuation in a number of frequencies versus

rainfall rate. Attenuation due to water vapor absorption peaks in narrow bands

around 60 GHz and 120 GHz.

The environmental effect of importance in frequency consideration is the

radio noise seen by the earth terminal and satellite antennas. This noise arises

from sky sources (galaxy), our ownm sun, the atmosphere, and the earth radiat-

ing as a black body at 200'K. In addition, rain will present a noise background

associated with its attenuation. Table 5-1 presents some typical rain-induced

noise temperatures at 8 GHz.

I
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Galactic noise decreases with frequency, whereas atmospheric noise J
increases with frequency. A curve of the thermal noise background as seen by

an earth terminal antenna has been derived (Figure 5-2) which takes account

of all factors except rain. Figure 5-2 shows the almost flat characteristic

tMat prevails above 1 GHz. Comparison of values in Figure C-2 with thoseIn j
Table 5-1 illustrates the importance of rain in determining both background

noise temperature and signal attenuation.

5. 4. 2 Transponder Capabilities I}
At present, reliable transponder components are available through X-Band.

The handwidth capability increases with frequency, thus making the higher micro-

wave frequencies more attractive for large bandwidth systems. For any given

beamwidth the antenna size decreases with frequency. Antenna size and weight

do not present limitations for earth coverage antennas, but for narrow beam-

widths higher frequencies -Olow more reasonable antenna sizes.

Receiver noise figure is another important parameter. Fig:,re 5-3 shows

how this varies with frequency for various devices.

At present, power outputs of up to 40 watts have been achieved up to

X-Band by paralleling two or more output devices. The trainsmitter efficiency

decreases with frequency, as shown in Figure 5-4.

5.4.3 Intermodulation

1. General -When two or more carrier frequencies are simultaneously

present in a nonlinear device, the output contains sum and difference

frequencies (in addition to the original signals) of all n-ultiples of the

original signals. The additional frequencies generatec produce two

effects: if they fall within the passband of the transponder they takr a

share of the transmitter power and thus reduce the usr ful transmitter

power; if their spectra overlap the spectrum of a des ded gnal, they

interfere with the desired signal.
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2. Uplink - Uplink interference due to intermodulation is normally much

less than downlink.

3. Downlink - Downlink interference due o !ntermodulation is caused by

limiting (saturation) in the output power device. At microwave fre-

quencies this device is a traveling wave tube amplifier (TWTA). It ii
is usually desirable to obtain as much power as possible from the

output device since the transponder is power-limited. Studies have ii
shown that with equally spaced input frequencies, the TWTA power

output should be backed off 3 dB from its saturation power to reduce

intermoduiation to a tolerable level. Unequally spaced carriers

allow higher output powers but at the cost of an increase in the required -

bandwidth or a amaller number of carriers within a fixed bandwidth.

5.5 SATELLITE LINK PARAMETERS

Ba'lc Link Parameters 4
1. Basic Link Equation - The communication capacity that can be achieved -

over a satellite link is a function of communication system larameters. i-i

The relationship of the communication capacity and the parameters affect-

ing it can be written in various ways. A form of the relationship that

illustrates the important equipment, geometric, and system factors is

given here and the various factors are discussed briefly. The equation

presented holds strictly for one path of a repeater system; for example,

ground transmitter-to-satellite receiver. The effect of the overall two-

path link Is also discussed.

The form of the equation with all terms expressed in decibels i,

C G(j-) =(EIRP) - (LFs) + - (k) -L (5-5) 1
-- R 0

.5

5-14
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where k = -228. 6 dB. The other factors are discussed below.

2. Carrier-to-Noise Density (C/T) - In the carrier-to-noise density

expression (C/kT), C refers to the RF carrier power into the receiving

system. k is Boltzmann's constarnt, and T is the receiving system noise

temperature in *K. Note that kT is the noise power in a bandwidth of 1 Hz;

hence the equivalent term, noise density. The significance of this

expression comes from this factor's being basic to determining the channel

capacity of a satellite communication link. Once the arbitrary factors such

as desired channel S/N and modulation index have been determined, then

channel capacity can be determined from C/kT.

S. Effective Isotropic Radiated Power i EIRP) - Effective isotropic radiated

power (EIRP), a term that has been found convenient for use in describing

the power radiated from a terminal, is the product of the transmitter

power output and the antenna gain, or in decibels, EIRP = P + G .., S S

For instance, a satellite transponder with a 20-watt final amplifier and

an antenna with a gain if 10 dB would have an EIRP of 20') watts or 23

dBW.

4. Free Space Loss (Ls) - Free space loss is the loss in signal level

experienced by an electromagnetic wave of frequency f, traveling a

*. distance d, between two isotropic (omnidirectional) antennas. It is

-- related to the produce f2 d2 by a constant whose value is dependent on

* the units of d and other fixed factors. (See Figure F-1 in Appendix F.)

5. Receiving System Figure of Merit G/T - The parameter G is the gain of the

receiving antenna. The receiving system noise temperature T is described

by

T T + (L- 1)T + LT (5-6)
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where: T -antenna noise temperature

A

L transmission line loss between the antenna and the

low-noise amplifier

T L  ambient temperature of the transmission line loss

TR  amplifier noise temperature

For high-quality receiving systems, the ratio of G/T describes how

well the antenna and receiver front end combination acts to achieve

a high C/kT at the receiver. As indicated by Equation (5-6), antenna

design affects not only G but T, through the contribution of T A '

6. Transmission Losses (L ) - Transmission losses include such items

as polarization mismatch between satellite and ground antennas,

tracking loss due to misalignment of high-gain ground antenna power,

losses in satellite in coupling of transmitter to antenna, and rain

attenuation, if applicable at the frequency being used.

7. Two-Path Link - The two-path earth terminal-repeater-earth terminal

link results in the C/kT at the earth terminal being to some extent

affected by the C/kT at the satellite. The extent is a strong function

of the transmitted EIRP and the type of transponder--linear or

hard-limited. For a linear transponder, as the Phase I satellite will

be in Stages la, lb and lc, the CkT at the receiver, (C/kT)R , is

C 1

o-16, )1 5-7)
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I Twhere (C/kT)UL = uplink C/kT at satellite receiving antenna

(C/kT)DL = downlink C/kT at earth terminal antenna

5.6 USE OF BASIC LINK EQUATION

-__5. 6. 1 Downlink Considerations and Examples

To predict the C/kT at the earth terminal the values of the contributing

parameters have to be known. As these parameters will have a statistical

distribution assumed to be rectangular, the mean and variance of each para-

meter has to be determined. Then a margin (excess transmitted power) has to

be available so that minimum allowable C/kT Is achieved for a given percentage

of the time.

Table 5-2 presents a summary of a statistical power budget for an X-Band

military communications satellite at slightly subsynchronous altitude. The

tabulated values apply to two-input operation where the satellite power is shared.

Thus item 2, carrier level below power output, refers to shartnv of satellite

_. power by the two inputs. The example uses a two-input situation to illustrate

that the power sharing also has a statistical variation.

The right side (downlink) of Figure 5-5 presents typical values of the

important parameters for a simplex AN/TSC-54 to AN/TSC-54 link throughI one of the channels of the Phase II military communications satellite operating

at X-Band. The G/T of the ground terminal is typical for medium-sized terminals

that are currently being implemented or designed. The satellite beam-edge

ERP of 28 d3W i' h-ised on the end-of-life output power of the TWT. Wit,

several simultaneous accesses there would have to be a backoff of power to

reduce intermodulation.

JThe effect :f rain has been neglected in the above discussion. A margin

based on statistical distribution of rain has to be included in a system design.

5
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Table 5-2. Ximmary of Means and Variances for
a 0-Foot Terminal at 60' Latitude

Two Signals .-
21

Parameter Mean (dB) Variance tdB)2

1. Repeater transmitter power
output (dBm) 48.9 0. 70

2. Carrier level below power
output (dB) -3.5 0.08

3. Satellite transmitting
antenna system gain (dB) 4.4 0.21

4. Free space attenuation
(dB) -201.25

5. Atmospheric absorption
(dB) -0.25 o. 37

6. Tracking error loss -0. 15 0. 01

7. Receiving 2ntenna gain
(dB) 39.7 0.07

8. Polarization loss (dB) -0.25 0.01

9. Power control error (dB) -0. 1 0. 33

10. Net carrier (diBm) -112.6 1.76

11. Ground terminal noise power
density d1B, 1lz) -173.0

12. Net CikT 60.4 1.78
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2. Coding Considerations - The best-known codes allow the required
Lb

value of - to be reduced by 3 to 5 dB for a given type of modulation
0and value of PE The use of rate 1/2 convolutional encoding-maximum

likelihood decoding results in an Improvement facto. of 4 dB. Rate

1.,'2 means that the transmitted symbol rate is twice the information

bit rate, thus doubliig the bandwidth required. This type of code is

becoming widely used because the increase in equipment complexity

is less than with other codes for the same improvement in perfor-

mance.

3. Relationship of Data Rates to Satellite Power (EIRP) - Using Equation

(5-8) the relationship between C/kT and data rate R can be written

in dB as

C/ikT - (E INo ) + R + M (5-9)

where M is the desired margin.

By substituting in Equation (5-5), the equation for the satellite EIRP

required for receiving a given data rate at any size (G/T) terminal

can be obtained.

EIIR P = Eb/N + R - M - G/T + L - k (5-10)

Table 5-3 shows the satellite EIIRP required for various data rates and

earth terminal figures of merit. The table values are based on

- - Equation (5-10) and the following assumptions:

E IN 10 dB uncoded; 6 dB coded
b

NI 6 dB

L(Free Space
4Miscellaneous

Losses) 203.6 dB

k -228. 6 dB (Boltzmann constant)
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Table 5-3. Required Satellite Power Versus Data Rate

GiT 1 Mbps 1.53 Mbps 3.07 Mbps (. 14 Mhps

I dB) (dBW) dIBW) (d13W) (di3W)

Uncoded
.1

20 31 32.9 35.9 38.9

25 26 27.9 30.9 33.9

30 2 22.9 25.9 28.9

35 16 17.9 20.9 23.9

39 12 13.9 1.6.9 19.9

Coded

20 27 28.9 31.9 34.9

25 22 23.9 26.9 29.9

30 17 18.9 21.9 24.9

35 12 13.9 16.9 19.9

39 8 9.9 12.9 15.9

5.6.4 Analysis of Analog Requirements

1. FM Equations - The carrier-to-noise density at the receive earth

terminal required to support a given access is determined by

solving two simultaneous equations. The first equation (Equation 5-11)

shows the test-tone-to-noise ratio, TTNR, as a function of carrier-
to-noise density, C/kT, hightnt frequency in the baseband, f and

m
the peak deviation, fd" The second equation (Equation 5-12) gives

the relation between C'kT, fr fd' and the carrier-to-noise ratio at

the modem threshold, CNRTh plus the required margin, M. Solving

these two equations simultaneously enables one to compute the C 'kT

and corresponding peak deviation that yields the desired quality and

margin for the given value of f and the number of voice channels.

m
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TTINI C P(f
_______________________ lI)I (-1

,-3.-T f ( -3. 1 x 10 3)

C 1_ _

kW. CNRTh , M (5-12)W- , 2(W. f
I m

'°

._.. Equations (5-10) and (5-11) may be rewritten in terms of dB, as follows:

TTNR = -1- 10 log 3-20 logf + 1PDI - 1, PkT di f f

- 10 log 3 f 1 x 10 3

= CNRTh + M 10 log [2f + f

- where: C.kT carrier-to-noise density at receiving earth terminal, in dB

fd peak composite deviation, in lIlz

f highest frequency in baseband, in Hz

. PDI pre-emphasis improvement factor, in dB

1) f - peak factor = 12 dB

Lf multichannel load factor, in dB z -1 .1 log N

N number of voice channels
'p

.,_ M = desired margin, in dB

CNRTh . carrier-to-noise ratio at modem threshold

II
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To illustrate how Equations (5-11) and (5-12) are used, the solution

to a particular situation is demonstrated below. Consider the follow..

ing case:

TTNR = 44. 2 dB (i. e., channel noise - 24, 000 pwp)

M = 6 dB

CNRTh 6 dB

N = 12 channels j

f = 60 kHz
m

PDI = 3. R dB

Substituting these values in the two equations written in terms of

dB we obtain

TTNR 4-4. 2 - + 20 log fd- 142.1

= 6+ 6 - 10 log [2 f + 1.2 X 10
k'r' d XO

Solving these two relationships simultaneously will yield the value
of C/kT required to support the 12-voice channel example. A

graphical solution of these equations is very often performed. For

the 12-channel case, the required C.'kT is found to be 72. 3 dB 'Hz,

and fd - 0.5 MHz.

2. Lclationship of Analog Quantity/Quality Requirements to Satellite

Power - With the method discussed above, the C,'kT corresponding

to any set of conditions can be calculated. The following relation-

ships allow easy interpolation for variations in several parameters.
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I * For every dB Increase (or decrease) in the desired quality

(TTNR), the required C/kT increases (or decreases) by 1/3

'I of a dB.

* For every dB increase (or decrease) in he desired margin, the

I required C/kT increases (or decreases) by 2/3 of a dB.

-T Table 5-4 shows the C/kT required versus number of voice channels for

a TTNR of 44.2 dB, the DSCS voice standard. These are plotted in Figure 5-6.

Table 5-4. Required C/kT Versus Number of Voice Channels

Number of Channels C/kT

1 68.0

2 69.1

3 69.9

6 71. 3

1]2 72.3

36 75.8

I
I

I

I
I
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1 SECTION ( SYSTEM CONSIDERATIONS

1 6.1 GENERAL

The preceding sections have described the space and earth subsystems

and their components and relationships, including link engineering. This

section describes the parameters that affect the operation of several links

through one satellite as well as other factors influencing system operation.

In satellite system engineering, it is the satellite transponder that is the

central limiting factor. The satellite deployed in space has a limited amount

of power (EIRP) and bandwidth to share among the various earth terminals that

access it. Thus a system can becomc either power or bandwidth limited if all

of either resource is fully comm d additional communication requirements

must be met through the satellite.

To date the requirements to be met by the DSCS Phase II satellite have

been of such a natu,.e that they used the EC-EC mode and power loading

r (EIRP) was the limiting factor on meeting additional requirements. As more

data requirements, particularly wideband special-user requirements are

considered, it is possible for the satellite to become b.ndwidth limited, partic-

ularly in the NB modes of operation.

There are parameters that can be controlled to meet increased require-

J ments. These include earth subsystem considerations such as the multiple-

access technique used, the earth terminal G/T, coding, and system margin.

3Additionally the geographic pattern of the earth terminals, the position of the

satellite and the placement of the narrow beams all can play a major role in

j systems design. Also, this section discusses other system considerations,

including satellite and earth terminal availability, jamming and regulatory

controls relatve to interference, and frequency usage.
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6.2 MULTIPLE-ACCESS TECHNIQUES

(i.2, 1 General

Since a communication satellite is often in view of many earth terminals,

it is desirable to permit any terminal to be in contact with one or more other

terminals at will. This should be performed in such a way that there is as

little interference as possible with other users of the transponder. The

primary multiple-access (MA) techniques that are used to accomplish the

above purposes in communication satellites are:

0 Frequency division multiple access (FDMA)

* Spread spectrum multiple access (SSMA)

0 Time division multiple access (TDMA)

Table 6-1 summarizes the characteristics, advantages and disadvantages

of these MA techniques.

6.2.2 FDMA

In FDMA each earth terminal is assigned a carrier frequency within the

transponder bandwidth. The carrier frequencie3 must have a minimum spacing

large enough so that thu modulated spectra do not overlap. An earth terminal

receiver is tuned to the downlink frequency corresponding to the uplink frequency

of the desired transmitter. The transponder power is shared by all the links

simultaneously transmitted. Two important considerations in the use of FDMA

are efficient use of the available transponder power and avoidance cf interference

among the simultaneous users. If a linear transponder Is used, then the carrier

frequencies can be spaced at the minimum spacing referred to previously.

However, individual earth terminal power and/or maximum number of users

nust be controlled to avoid driving the output power device into saturation.

If this happens, nonlinearity in the power output device will cause intermodulation

products of the signals to rise to an unacceptable level.
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If a hard-limiting transponder is used, intermodulation products will be

formed in the limiter. The carrier frequencies may be spaced so that the

intermodulation products do not fall on any of the carriers. It has been shown

that for equally spaced carriers and a limiting transponder the signal-to-

intermodulation noise power ratio (measured in the bandwidth of the signal)

will vary from 9 to 11 dB depending on the spacing of the carriers. In either

case the Inumber of accessc possible iii the transponder bandwidth is reduced.

In addition, the intcri'modulation products use some output power of the trans-

pondcr, reducing the useful output power. Finally, the small signal suppression

effect of a limiter makes power control of the earth transmitters necessary.

6. 2.3 SSMA

in SSMA, each multiple-access c,,rrier signal usually occupies all or a

large part of the transponder bandwidth. In this technique a carrier is modu-

lated with two different signals. The bandspreading modulation can be either

analog or digital. When the bandspreading is accomplished by phase-shift

keying it is often referred to as pseudonoise and when frequency-shift keying I
is employed the term frequency hopping is used. To date the greatest consid-

eration has been given to digital techniques. The bandspreading modulation

results in a noise-like carrier with over 90 percent of its power in a bandwidth

twice the modulation rate. The information modulation, at a rate typically one-

tenth or less than that of the bandspreading modulation, is impresed as an addi- I
tional phase or frequency variation.

The pattern of the bandspreading modulation is called its code. At the

intended receiver a code identical to the transmitted code is generated. This

is synchronized with the received code and allows detection of the information.

By proper choice of codes other SSMA transmission simultaneously present

at the receiver will cause relatively small interference. The codes are then

said to exhibit low cross-correlation.
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This technique requires uplink power control as in FDNMA; otherwise one

or more signals will use too much of the transponder power output. However,

neither use of a limiter nor a saturated output device will result in interference

from Intermodulation products. That the receiver must use an exactly matching

replica of the transmitted code presents the problem of synchronizing the

receiver before message transmission can begin. This requires an initial

it synchronization searching procedure by the receiver and is one of the critical

aspects of SSMA.

(6.2.4 TDMA

In TDMA multiple access is accomplished, like the multipledng discussed

in Paragraph 4. 2. 2, as a time-gating function which correctly locates each

earth terminal transmission burst relative to those of the other terminals.

Thus each earth terminal is assigned exclusive use of the transponder during

specified time slots and the transmissions do not overlap. An access channel

in TD.MA designates a particular sequence of time slots. The simplest sequence

would allow the time slot of a channel to occur periodically at a definite repeti-

tion frequency, called the frame repetition rate of the system. All other

channels would have the same frame rate but different times of occurrence,

and possibly different slot durations.

.TDMA offers higher performance and inure flexibility than FDMA or

SSMA. Since only one carrier is present in the transponder, there is no

power loss or interference due to intermodulation. The power output device

.-can be run at saturation, providing higher output power (typically 3 dB) and

efficiency. There is no need for earth terminal power control.

TDMA places stringent requirements on system timing. System timing

accuracy affects required guard times between adjacent transmission bursts

from earth terminals. Guard time is one of the components of overhead time

in a TDMA system. The other components of giiard time are in the preamble

T of each burst, carrier synchronization time, bit synchronization time, carrier

6r5
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phase ambiguity resolution time, and word synchronization time. In the DSCS

Phase II TDMA system, the goal for time utilization efficiency is 95 percent,

where the efficiency is the ratio of time during which message information is

transmitted to total frame time. TDMA rates are limited by transponder A
A

bandwidth, burst acquisition times, and practical data storage capabilities.

6.3 SYSTEM DESIGN

;. 1 Power Sharing

1. FDMA - The use of FDMA necessitates sharing the satellite EIRP

among all the simultaneous users. In addition, a backoff of about I
3 dB from maximum transponder power is used to keep inter-

modulation products at an acceptable level. Each FDMA access

consists of a carrier FM modulated with a number of voice and

data circuits. The transponder EIRP required per access depends

on the number of equivalent voice circuits, circuit quality desired ..

and the figure of merit (G/T) of the receiving station. An example

will be given using the Phase II satellite. The earth coverage mode

has a maximum EIRP of 28 dBW which is backed off to 25 dBW

for FDMA operation, allo-wing 1 dB for power-control losses,

10 log ( = /kT - G/T - 30. Table 6-2 shows the CAT and

the percent of power required for various receiving Eituations.

The system design must be such that an uplink signal will result

in the required downlink power. Uplink power control must be

used whether the transponder input is linear or hard limiting

to assure that the uplink signal uses the correct share of the

transponder output power.

2. TDMA - In TDMA the maximum transponder power can be sued

since there are no intermodulation products present. Table 6-3
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Table 6-2. Percent of Satellite Power Required for FDMr\

No. of Percent of Satellite Power

Voice C/.'kT AN/TSC-54 AN/MSC-46 AN/FSC-9
Channels Required (G/T = 26.5) (G/T = 34) (G,/T = 38)

3 69.9 21.8 3.9 1.5
-- 6 71.3 30.2 5.4 2.1

9 72.1 36.3 6.5 2.5

-- 12 72.3 38.0 6.8 2.6

24 74.5 63.0 11.2 4.4

- 36 75. E 87.1 15.5 6.2

- Table G-3. Percentage of Satellite Power Required for TDMA

I. Percent of Satellite Power

C/kT ANi'TSC-54 MSC-46 AN,'FSC-9
Data Rate Required (G/T = 26.5) (G/T: 34) (G/T = 38)

1.0 Mbps 72.0 17.7 3.15 1.26

,- 1.53 Mbps 73.9 27.5 4.9 1.95

F 3.07 Mbps 76.9 54.8 9.75 3.9

-- 6.1-1 Mbps 79.9 ---- 19.45 7.7

12.28 Mbps k2.9 38,9 15.5

24.56 Mbps 85.9 ---- 77.8 30.9

1 55.0 Mbps 89.0 ---- 62. S

I
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The bandwidth required by a PSK modulated carrier is approximately

1.25 times the data rate. Thus a maximum data rate of 100 Mbps

could be carried by the 125-MHz channel. This corresponds, for

example, to 100 accesses of data rate 1 Mbps. The burst rate of

each access is 100 Mbps. The requirement for guard times to

prevent overlap and the state-of-the-art of logic equipment limits

the burst rate to approcmately 50 Mbps at this time.

3. SSMA Bandwidth Constraints - In a SSMA system all accesses can

be present simultaneously in the channel and each can cover the

complete channel bandwidth. The individual accesses share the

transponder power and also act as noise to each other in the earth

terminal receiver. These two factors, rather than the bandwidth,

limit the number of simultaneous accesses.

-. 3.3 Frequency Sharing

1. FDMA - FDNMA imposes the requirement of nonoverlapping spectra

sharing a common channel. In addition lntermodtulation effects

impose requirements on spacing and number of accesses sharing

the channel. Frequency plans involving nonuniform frequency

spacing can be devised which reduce intermodulation effects in

the transponder.

2. TDMA - This multiple-access technique allows all accessing links

to use a common frequency.

3. SSMA - This mulLiple-access technique allows all accessing links

to use a common frequency.

4. Mixed Multiple-Access Techniques - SSMA can share a common

bandwidth with TDMA or FDMA as long as the SSMA signal level

j is sufficiently below that of the TDMA or FDMA signal. SSMA Is

kept at about 10 percent of the avail.ible power in the DSCS for

6(i-9
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nonjamming operations. FDMA and TDMA signals must be separated

in frequency as in a straight FDMA system.

(;.-I SYSTEM ENGINEERING TRADEOFFS

Power and bandwidth in the transponder are two constraining parameters

of system design. In any system one of these constraints ill be reached first.

Using concepts developed previously it is then possible to increase system

capacity by a tradeoff of system bandwidth and power. In most present-day

systems the satellite becomes power limited before it becomes bandwidth

limited.

With digital traffic, coding can be used to increase the traffic capability.

Thus, the use of rate 1/2 convolutional encoding-maximum likelihood decoding

wIll allow a 4 dB (0.4) rcdue4tion in E /N (and therefore transponder output
b 0

power) while doubling the required bandwidth. Each of the purcentages in

Table 6-3 will be reduced to 0. 4 of the value given there.

6.5 RELIABILITY/AVAILABILITY

6. 5. 1 Equipment Reliability

Reliability of a component having a constant faildre rate, i. e.; subject

to random failure, is cxpressed by the exponential form

R(t) = exp (-Bt) ((i-l)

where R(t) = reliability at time t, and B = failure rate. I
Items that exhibit wearout phenomena have a fairly well-defined end-of-

life as well as being subject to random failures. For example, solar cells

can fail randomly, and in addition, their output decreases with life in orbit

as a result of solar radiation. Therefore, the solar array should be designed

so that its output after some specified time in orbit is sufficient for satellite

operation. Wearout causes the reliability to decrease at a greater rate as

the wearout lifetime is approached, and the reliability function is usually

6-10



truncated at the we.trout time. This has the effect of lowering the expected

life of the item because the area under the reliability curve has decreased.

Several methods for improving reliability are available to the designer,

and a combination of the-e methods is generally applied. One method entails

careful design of componens, selection of parts, and thorough testing prior

to use. Other methods, which are discussed in subsequent paragraphs, involve

application of redundancy and careful design of components which exhibit wear-

- out phenomena so that wearout occurs after some specified time.

Reliability of a series circuit; i. e., one in which all parts must operate

for the circuit to operate, is the product of the reliabilities of each part. This

is equivalent to replacing the part failure rate in the equation by the sum of the

part failure rates; therefore, the reliability function is still exponential. An

example of a reliability function for a satellite in which all parts must operate,

or conversely a satellite having no redundant circuitry or paths leading to

success, is shown in Figure (-I. For the exponential case the expected life

or MTBF occurs at a reliability R(t) = 0. 37.

-. If redundancy is applied to the satellite design so that failure of a partic-

. ular component does not render the satellite inoperable, the reliability function

- is no longer exponential but tends toward the shape of a normal function. An

-. example of such a reliability curve is also shown in Figure 6-1. The shape of

- - the curve depends on the amount and type (active or standby) of redundancy

applied, which in turn depend on such factors as allowable weight and volume,

power requirements and availability.

,4-

6. 5. 2 Parameters and Relationships

The probability that equipment will be operating at any time is equal to

the uptime ratio for that equipment. The formula for this parameier isI
AMTBF

UTR --=  (G-2)
MTBF + MTTR

6-11
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where UTR uptime ratio

MTBF = mean time betweer failures

MTTR = mean time to repair.

The MTBF is a function of the reliability, where reliability is the proba-

bility that the equipment will operate satisfactorily for a given time. In general,

the MTBF is the integral of the reliability or the area under the reliability

curve; therefore, MTBF will be Increased if reliability is improved. The

MTTR is a function of the equipment design and complexit.

6.5.3 Satellite Availability

Satellite availability is the probability that a particular satellite in a

satellite communications system will be available for use at a given point in

time. Since satellites are not repaired the availability is a combination of

satellite reliability and satellite replenishment strategy. Satl Lte reliability

has been discussed.

Assuming that the desired useful communication system Iffetime will

be long compared to expected individual satellite lifetime, it w11 be necessary

to provide replacement satellites for those which fail in orbit, to maintain

acceptable levels of performance. The manner in which replacement would

occur must be given careful analysis since it may have ststrntial effects on

operating costs. If the individual orbits are established !'y a booster with

multisatellite dispenser, the use of the same booster foj sing e satellite

replenishment would likely be prohibitively expensive. Cle viternative

solution would be to delay replenishment until a sufficient number of satellites

had failed, so that replenishment of a complete dtspensei loa- could be justifi&.

A second alternative would be to establish the initial orbi w -i multisatellite

dispensers and to use a smaller launch vehicle to orbit ir Ivi lial replenish-

ment satellites. Any scheme for satellite replenishment vill e dev end, nt on

the type of orbits selected for the system.
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Some of the significant varables whose values must be estimated in

predicting the replenishment cost of the satellite are:

$ Nuibe' of satellites In orbit (average, minimum, and peak values)

* Mean time to failure

a Cost of ea-h satellite

* Number of satellites per launch

* Launch success probability

* Launch costs

* Launch pad turn-arond time (in some cases this is of mino)r

significance)

* Number of reserve boosters and satellites which must be ordered

to provide for contingencies.

For systems employing satellites which maintain a fixed spacir re!ative

to each other, it is important that the following items be considered:

* Positioning of spare satellites

* Maximum orbital velocities for spares

* Frequency of repositioning satellite

* Optimum number of spares

" Time required to replace a failed satellite

* Circumstances that will trigger a decision to attempt c replenish-

ment launch

" Prooability of further deterioration of the space system during

the replenishment attempt, and its effect on coverage.

Of-14



A replenishment strategy for a system involving numerous satellites

can be evolved from system reliability or system mean-time-before-failure

Iconsiderations. In the casc of only one operating satellite in orbit and

possibly only one spare satellite, a satisfactory approach might be to launch

the spare when a failure seems to be imminent. Although the operating

satellite is expected to fail at its mean-time-before-failure, it may fail much

earlier or much later.. With greater telemetry capability designed into the

satellite, the probability of detecting most types of impending failures tends

to increase. Tmpending failure should be apparent early enough to prepare
U.

and launch the spare.

In Figure 6-2 a replenishment strategy is shown for a one-satellite system.

If a probability of 0. 7 of maintaining the satellite system for 5 years is desired,

-- a second launch must be provided for. To extend the satellite system beyond

-- 5 years with the same probability of success will require the launch of an

additional satellite.

6.5. - Link Availability

Link availability is the probability that a link of specified capacity and

quality connecting system users is operating satisfactorily at any time. In

considering the availability, each of the following factors must be specified:

* Satellite availability

* Earth terminal availabilityIO
* Satellite visibility

* Satellite conjunction

* Signal level variations

Satellite availability has been discussed. Each earth terminal in the link

I will have an associated availability, which is the same as the uptime ratio

discussed previously.
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For a communications link to be established, a satellite has to be simul-

taneously visible to both earth terminals. In a synchronous satellite system,

the satellite is essentially motionless (stationkeeping limits motion) and its

area of visibility on the earth is fixed.

For subsynchronous satellite systems, a number of satellites are used

and three basic satellite positioning schemes may be used:

1. Phased orbits in which a stationkeeping capability is used to

maintain fixed orbital relationships

2. Random orbits in which no orbital control is exercised

3. Precision orbits in which satellites have no stationkeeping

capability but are precisely placed in orbit

Of importance in some satellite systems are the factors of conjunctions

of satellites with each other, conjunctions of satellites with the sup, and out-

ages of solar-powered satellites passing through the earth's shadow. Each of

these factors reduces the availability of satellites and, therefore, requires

an increase in the number of orbiting satellites to achieve a given performance

objective. Conjunctions between satellites are not generally significant in a

system in which satellites maintain a fixed spacing from each other. If power

storage devices such as batteries are not used, earth-shadow effects may be

significant. Earth-shadow effects become less significant as orbital altitude

increases, and produce less than a 1 percent reduction in satellite availability

at synchronous altitude.

Although signal level variations of satellite links are much less than those

of high frequency, microwave relay, or tropospheric scatter links, thcy must

be considered because the margins of the former are usually low to avoid

wasting satellite power. Major variations of signal level in a moving satellite

system result from changes in range and satellite aspect angle.
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Severe fading in any satellite system can occur as a result of attenua-

tion caused by rain. It is not possible to make precise statements because

rainfall distribution varies widely throughout the world and, frequently, even

within confined geographical areas. As a general rule, a margin for atmospheric

and rainfall attenuations of 2.2 dB in the temperate zones and 3. 8 dB in the

tropics will be adequate for a 7. 3-GHz system 99.9 percent of the time.

6.6 INTERFERENCE AND JAMMING

6. 6. 1 Types of Interference

In designing a satellite communication system, the possibility of mutual

interference with other communication systems and other services must be

considered. Interference considerations can affect communication link fre-

quency and antenna design. Mutual interference can occur between space and

terrestrial communication systems and among two or more space systems.

In addition other electronic systems such as radar can cause interference to

space communication systems.

There are four possible modes of ipterterence between satellite commui-

cation systems and terrestrial systems. These modes are:I 1. Satellite radiating power into terrestrial receivers

2. Earth terminal transmitters radiating power into terrestrial

receivers

3. Terrestrial transmitters radiating power into earth terminal
~receivers

4. Terrestrial transmitters radiating power into satellite receivers.

By international agreement the radiation from transmitters has limitations

placed on it to reduce interference with other users at the same frequency. For

example, for frequency bands in the range of 3400 to 7750 MHz which are shared

between communication satellite systems and terrestrial radio re]1n systems,
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1 the maximum power flux density produced at the surface of the earth by radia-

tion from a satellite should not exceed

-152 O< < 50 (6-3)

-152 + 1- 5<o<25
* 2

-142 250<a <900

decibels relative to 1 watt per square meter per 4-kHz band, where o is the

angle of arrival of the radiation (degrees above the horizontal). In a similar

way, the radiation from the satellite communication system earth terminal and

the radiation from terrestrial communication systems have limitations placed

on them.

Any proposed communication system must compete with existing users

of the congested radio spectrum or present a strong enough case ta warrant

any readjustment of existing spectrum users. This is because the demands

placed upon the radio frequency spectrum continuously exceed the space avalla-

ble within propagational or technological limits, and create the need for national

regulation that considers priorities, validation of requirements, and technical

conditions of frequency sharing. Because communication extends beyond

national areas, these regulatory measures have international impact that are

the subject of treaty arrangements. Although each nation retains the right to

regulate its own telecommunications, the mutual advantages of avoiding inter-

national radio interference encourage agreements among all users of the radio

spectrum. The regulatory agreements made among nations thereby place

general restraints on frequency usage and require national efforts to respect

international frequency allocations while satisfying national needs. Radio

regulatory actions involve consideration of national security, public welfare,
economic and technical factors.

The relatively recent application of satellite techniques has complicated

{frequency provision because there is no suitable unused spectrum in which to
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place the new service, and the satellite's line-of-sight range transcends the

areas controlled by any one nation. The recent World Administrative Radio

Conference for Space Telecommunications (WARC-ST) held in Geneva in June

1971 devoted much of its proceedings to satellite communication systems, in

terms of gain and allowable side lobe level and other factors. As more com-

munication satellites (especially geostationary satellites) are put into orbit,

interference will become a constraining factor in system design.

6. 6. 2 Jamming

With reference to communications systems, jamming is defined as action

taken against the communications system to prevent it from accomplishing its

function. Antijamming is defined as action taken to minimize or cancel the

effects of the jamming. Jamming can be accomplished by subjecting the system

to electromognetic radiation to cause interference with, or loss of, communi-

cations.

G. (. 2. 1 Jamming Techniques

A satellite communications system could be jammed on either the down-

link (satellite-to-earth receiving station) or in the uplink (earth transmitting

station-to-satellite).

n considering jamming of the downlink, however, it becomes obvious

that the highly directional antenna of the earth receiving station will rejecc

virtually all signals except those coming from the immediate direction of the

satellite. Nevertwl'i.s., jamming of the downlink could still be accomplished

by a satellite-based jammer placed in orbit so that t would appear (to the

earth receiving station) to have tracking coordinates near thosc of the communi-

cations satellite. However, the time required to place such a jammer sateilite

in orbit would be too great to allow it to be of any tectical advantage, and the

cost of such a project would be nearly prohibitive.
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Shortly after a communications satellite is placed in operation, a potential

enemy with any degree of sophistication in electrornc warfare will have compiled

data on the satellite. This data would probably include the following: ephemeris

data Indicating the satellite's orbit characteristics, and information relative to

frequency, bandwidth, and modulation of the satellite. On the basis of this

information, a jamming technique would be selected. Jamming operates on the

premise that if enough jamming power is radiated into a receiver, the legitimate

signal will be indistinguishable from the unwanted signal. Various jamming

techniques are summarized below:

1. Spot .Jamming - Spot jamming consists of concentrating all of the

jamming transmitter energy in a narrow band in order to achieve

a high noise density in that band. For purposes of considering

noise density in relation to jamming, noise density power is

discussed in terms of watts per MHz. Therefore, a spot jammer

concentrating a 1000-watt noise signal in a 1-MHz bandwidth is

said to have a noise density of 1000 watts per MHz.

2. Broadband Jamming - Spot jamming is ineffective against a wide-

band signal o" a signal that shifts in frequency faster than the spot

jammer can follow it. Under these circumstances broadband

jamming is used. Broadband jamming spreads energy out over a

broad band of frequencies rather than on a spot frequency. How-

ever, this broadbanding results in a lower noise density at any

one particular frequency. Therefore, a spot jamming signal of

.000 watts per MHz, when spread over a 100-MHz bandwidth, will

have only a 10-watt per MHz noise density.

3. Swept-Spot Jamming - Swept-spot jamming combines the high noise

density of spot jamming with the wvide bandwidth of broadband

jamming. This is accomplished by sweeping the spot jammer at

v- a very high sweep rate across the spectrum to be jammed.
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3. Satellite Directional Antennas - Directional antennas on communi-

cation satellites provide an antijam capability, depending on the

orientation of the satellite directional antenna. Jammer power

received at the satellite receiver is represented by:
T 2

Prj =I (6-4)
T (47. Ro2

0

where P. = jammer power

t G. jammer antenna gain

Gsj satellite antenna gain for the jammer signal

R = distance between the satellite and jammer.
0

" It can be seen from Equation (7-4) that a low value of G .will have

a large effect on the jammer power received at the satellite receiver.

A 20-dB or 30-dB attenuation of the jammer signal due to off-axis

-" loss will degrade the jammer signal to the extent that it will have

small effect.

6. 6. 3 Frequency Coordination

*1 -~ The frequency regulatory process uses as common managerial tools the j

terms allocation, assignment, services and classes of services, and channeli-

zation. Channelization may also be identified as a frequency assignment plan.

Allocation is a planning process of dividing the spectrum among compatible

emissions or similar types of operr.tions based on total requirements and

I characteristics. Assignments are made to specific stations or used in conso-

nance with the allocation table. The assignment process includes technical

considerations of frequency sharing to control interfcarence between assignments.

Assignment may be guided by a frequency plan -: maintain interiererce control

- I as stations are activated, or it may be based on channelization which guides the

equipment manufacturer, the frequency manager and the operational planner.
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The various types of users of spectrum space are identified as services and

classes of services (e. g., broadcasting, maritime mobile, and lard mobile,

etc. ). There are about 380 services and classes using the radio spectrum in

the U.S.

Within the allocation framework, additional subdivisions are made in the

U. S. between government and nongovernment or in shared frequency space.

No allocations to scrviccs are further subdivided to government or nongovern-

ment unless both have operations involved. For example, there is no govern-

ment subdivision of the broadcast bands or nongovernment subdivisions of

radar bands for missile weapon systems. Of the total frequency space, about

30 percent is currently used by the government.

-F
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SECTION 7 - CONTROL

S7,1 GENERAL

Control systems are highly important for the efficient operation of a /--

terrestrial communications network. They play an even more important ro,/

in satellite communications networks, particularly those networks using ,T i.MA

and/or demand assignment techniques, since the capacity of the satelli2.

.- transponder is shared by many users on a real-time basis.

There are three major categories of control required when 4 1g Satellites

in a communications network. They are:

1. Satellite Control - This involves actions necessary /to position, track,

monitor and command the satellite during the cou/se of its operational

lifetime. This type of control has been discussed in Section 2, Space

Subsystems.

2. Stellite Communications Control - This tpe of control involves

supervising and monitoring the establishment, reconfigu ration and

control of each required RF link through the satcllite transponder

in accordance with desired parameters.

3. Circuit Control - This control involves actions necessary to assure

that the required circuits between all authorized users are established,

maintained and restored sati-factorily. This function is regularly

performed by Technical Control Facilities personnel. It applies to

J eircuilt u.jig any transmission media such as cable, LOS, tropo or

satellite.

These three categorie. -:rv general in nature and the specifics will vary

depending on the type oi satellite oibit, the modulation z(id multiple-access

techniques used and the aircuit requirements and usage.

1 7-1
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7.2 SATELLITE CONTROL

This function has no direct counterpart in terrestrial systems but is

critical to successful satellite communications operations. The degree and type

of satellite control requir-d is in large parm dependent on whether the satellite

orbit is synchronous or nonsvnchronous and on the user requirements of the

satellite.

Tracking requirements exist for a synchronous or near-synchronous

satellite, but they are less severe than those for a nonsynchronous satellite.

The synchronous satellite must be monitored and kept on station hy peCiodic

positioning actions. In the DSCS the Phase II satellites will be maintained

within 30 of their assigned longitude. A periodic activation of the gas propulsion

system is planned to accomplish this.

In a nonsynchronous system, repositioning may also be used on a periodic

basis to keep the satellites diifting in the desired orbit or, as in the case of the

Phase I satellites, they may drift on a random basis. If the random basis

is used, more satellites are required to assure higher availability of a correctly

positioned satellite to meet users' needs. In addition closer monitoring of

satellite movement is required for nonsynchronous satellites to provide the

necessary data to prepare schedules for transferring use of a satellite to dif-

ferent earth terminals as the satellite orbits the earth.

Additional satellite control operations can include repositionIng of

satellites, monitoring satellite performance by receiving regular or periodic

telemetry messages from the satellites, and sending commands to the satel-

lite to perform such actions as switching to redundant units, changing ampli-

fication levels within the satellite transponder and antenna control functions, etc.
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The Air Force Satellite Control Facility (AFSCF) with its Satellite Test

Cente± located at Sunryvale, California performs this mission for DCA. The

AFSCF has numerous remote tracking stations around the globe to assist in

this mission.

7.3 SATELLITE COMMUNICATIONS CONTRFtOL

In terrestrial systems, network engineering and control is needed to

establish and revise the various links and their capacties to meet the changing

user requirements. Additionally, frequencies and power limitations are assigned

to minimize interference or intermodulation within the network or with external

activities. The same requirements exist for a satellite network. However, the

need for prior planning and control is increased in the satellite ope-.tion because

of several factors, including he wide-area coverage of satellite ar, 3nnas, the

low receive signal strengths involved, and the use of common amplifiers in the

satellite transponder by more than one carrier (multiple access).

The use 9f multiple-access techniques is highly efficient, but it gives

ample opportunity for intermodulation to develop. Thus systems must be closely

controlled in time, power or frequency to ensure that intermodulation is reduced

to an acceptable level.

With proper prior planning and engineering, the available capacity of the

transponder can be allotted on a preassigned basis to meet user needs. For

FDNIA operations such as predcminate in Phase I of the DSCS, the frequencies,

bandwidth and power required to proviJd a desired receive signal level, with

adequate margin, and without serious intermodulation can be preplanned.

The frequency and bandwidth problems are similar to but more critical

than those normally found in terrestrial networks. This is because many

carriers go through the same components in the satellite transnonder and the
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satellite earth coverage antenna, if used, covers all of the earth terminals in

that satellite network. The problem of staying on frequency and within the pre-

scribed bandwidth, however, is basically the same for any radio network, a=d

monitoring and readjustment is not a unique problem.

Of more concern is the maintenance of proper signal level at the input to

the satellite, since the power of the satellite is shared by several carriers.

If the total summed signal level gets too high, the system will be operating in

a nonlinear mode, causing intermodulation. Further, if one or more

signals arc larger than planned, these signals would get more than

their share of the limited transponder power, and thus would deprive other

users of their allotted share. Therefore, the monitoring of frequency and

power levels is essential for an efficiently operated network. Although auto-

mated real-time control of that transmitter frequency, bandwidth and ERP

would be desirable for such a network, it is not essential. Satisfactory :control

can be achieved by monitoring the various downlink carriers and nctifying

offenders of any transmission violatiotis via a voice or teietype orderwire

system.

With a TDMA network the problem becomes one of real-tIme coordination

after the allotment of transponder capacity. The extremely accurate synchro-

nization required to permit sharing the satellite power on a time block basis

demands real-time control of all of the earth terminals ii the network. Syn-

chronization and control systems have been developed and successfully tested.

The basic plan for the system to be used with TDMA in Phase II of the

DSCS consists of a master station providing time and frequency correction to

all other terminals In the network. This coordination is a regular part of the

network operation. Orderwire control is provided to each station on a common

SSMA channel.
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7.4 CIRCUIT CONTROL

This control is essentially the same for any segment (transmission media)

of the system. In the DCS the circuits using satellite transmission links would

normally be monitored and controlled by the same DCA activities controlling

microwave or cable circuits. Only -wIth a particular problem caused by or

affecting a satellite link would spacial action by satellite communicators be

required. Initially, exceptions to this may be frequent because of satellites

- -carrying special wideband circuits that may bypass normal TCF's and go

directly to users. In such cases, the satellite earth terminal operators would

" - be more directly involved with circuit control monitoring and restoration.

7
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V. I

APPENDIX A - SATELLITES

A.1 GENERAL

This appendix provides a descriptive summary of the characteristics of

presently available or planned satellites that are of particular interest to the

military communicator. The satellites that are included are: DSCS Phase I

I DCSP), DSCS Phase 11, TACSAT, lynet, NATO, and Intelsat I to IV. Intelat

I to IV are included to provide data on a commercial communications satellite

for infornation purposes.

A. 2 INIT!AL DEFENSE COMMUNICATIONS SATELLITE PROGRAM (IDCSP) -

DSCS PHASE I

A. 2. 1 Space Slibs'sten, General

*" The overall Phase I or IDCSP system is covered in detail in Appendix C.

" " The space subsystem, consisting of 26 near-synchronous, random-sp.:-ed equa-

torial satellites, was placed into orbit in four separate launches, with the first

* launch of seven satellites on 16 June 1966. Table A-i summarizes data relat-

ing to the launches. As of May 1972, 17 of the satellites were still operational.

The satellites are in a neae-synchrenous orbit at an aititude of approxi-

mately 21,000 statute miles. Relative to the earth, they drift west to east at

about 30W per dny, thus a single satellite stays %Othin view of a particular

ground station for 4-1/2 days. The satellites were released into orbit with

slightly different initial velocities, causing a relativcly random distribution.

The satellites arc spin stabilized at approximately 150 rpm (by two

nitrogen nozzles) to maintain the spin axis within 5' of normal to the earth's

equatorial plane. Each satellite weighs approximately 100 pounds. It is solar

powered and has no batteries. The original designed mean time to failure

(MTTF) was 1-1/2 years, with .t goal of 3 years. This goal has been greatly

exceeded and an MTTF in excess of 5 years has been achieved to date.

I
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7A. 2.2 Satellite Transponder

The transponder of the DSCS Phase I satellite is a double frequency conver-

sion, hard-limiting repeater operating in the 7- to 8-GHz range. The ElRP has

a design minimum of 7 dBW. Each satellite in a launch payload has a beacon

signature at its own unique telemetry frequency, in the 400-MHz area, for

identification purposes.

The repeater, shown in simplified block diagram form in Figure A-1, is

primarily solid state. Amplification and limicing of the signal take place at

intermediate frequencies. The mixing frequencies are derived from a basic

oscillator and multiplier chains. The output of the IF amplifier,/limiter is then

summed with the beacon signal, up converted, and fed through the traveling

wave tube amplifier and out to the transmitting antenna. A redundant TWT

amplifier can be switched on in case the first TWTA fails. Tho. switch-over is

clone automatically and can occur only once. There is also included an auto-

matic power shutoff circuit which activates between 6 and 6-1/2 years after

launch. The automatic cutoff period for the five operational satellites from the

first launch is June 72 to December 72 and the minimum number of satellites

required for acceptable service has been estimated to be 15. Thus the DSCS

Phase I will have limited capability beyond mid-1973.

The transmitting and receiving antennas are separate biconical horns with

toroidal patterns, omnidirectional in azimuth and earth-coverage (28*) in

the other plane. Characteristics of the satellites are summarized in fable A-2.

Table A-3 indicates the voice channel capacity on particular duplex links

as a function of terminal type on each end of the link. These figures arc for

duplex (dual) accesses, the maximum satellite loading used in DSCS Phase I.

The link margins were not found to be great enough to support more than two

simultaneous accesses. The satellite frequency plan, optimized to yield mini-

mum intermodulation interference, is indicated in Table A-4.
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Table A-2. DSCS Phase I Satellite Characteristics

T'ype llciia o IMa UCIttei

C. Numiber' 1 \h) - flIICP receive, LIfCI' transm11't

, ~ Beamw,,dth Earth coverage, 360 x 28

Gain 3 !!j ill 11ln2 n f' Lnla to th:' spin xxis,
3 dB3 minim urn in all directiohns within *1 4( (i the pl ane

Frequency B.an SIIF - 7.3 Gl. tran1smit, 8.0 Gllz ruceive

-Type llirwc-limiting. double fructquency conversion

3~ M Band)l~widlth 26; M iz

Number One

- I'vpe Fr ont End D)own coiivcri, nfLXLi

Sy-scern Noise- t'iure lo dl

* Type Itedundaint 11

,-Power Out .1 watt

ElItI 1 dM lP. iinhilikini

LTyp~e Spin at 3pproxinmately 150 rpm

SCapahil ity 5~ spin :Lis atlitude

l Primaiw swlli n-on-p sol ir colis provide 40 watts .iL tI-Lunc

S Supple ilend None

Comm. Power Needs 22 Watts

Size :ii-iicel dinioter, .2 inches~ lig'i

L' Weight 102 lb. or less

- ~Frc~jucny -.400 M1lz,J.E iit P -12 diMV mnnlih in All directions 'sitnin t-5 (fiplan
"V normal to 'he spin axis

5 Frequency 7. .3 Glz
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Table A-4. DSCS Phase I Access Frequencies

Satellite RF Frequency (MHz)
AccessI Channel Uplink (Receive) Downlink (Transmit)

1 7.267.0250 7,985.7450

2 7,271.7125 7,990.4325

3 7,277.9625 7,966.6825

4 7.285. 7550 8,004.4950

I
ii*
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A. 3 DSCS PHASE 11 SATELLITE

A. 3. 1 Space Subsystem, General

Phase II of the DSCS is planned to provide greatly increased capability

over that of the Phase I. A detailed description of Phase I1 is provided in

Appendix D. Contrasted with the DSCS Phase I, the space subsystem for Phase

II will provide satellites with greater EIRP and in synchronous orbit. This will

result in increased system capacity and higher satellite availability. The satel-

lites will be maintained within :3 ° of their designated orbital positions. The

satellites may be repositioned at least once during their operational life to any

other equatorial point at a rate of 15° per day.

A. 3. 2 Satellite Transponder

The Phase II satellite transponder consists of a multichannel repeater with

the channels cross-linked, a receive and a transmit EC ,ntenna, and two steer-

able NB an.ennas, each capabIc of receiving and trwismitting simultaneously.

This arrangement will provide four different modes of operation:

1. Earth coverage to earth coverage (EC-EC)

?. Earth coverage to narrow beam (EC-NB)

j. Narrow beam to earth coverage (NB-EC)

4. Narrow beam to narrow beam (NB-NB)

The basic interconnection for these fQur modes is shown in the block

diagram, Figure A-2.

The uplink frequency transmitted by a Phase i1 earth terminal letermines

which of the four modes will be used, iThis assumes that an earth terminal

planning to use either the NB-NB or NB-EC channeJ is withi tine geographical

area covered by one of the NP antenna patterns.) The re2eived signal is ampli-

fied and retransmitted in the 7275- to 7750-MHz band. A simplified frequency

diagram presented in Figure A-3 relates the various channel modes, together

with their related frequency translations and satellite antennas. Botri the EC-FC

A -8
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[4
'  500 MHz I

EXCLUSIVE BAND

EC-NB EC-EC NB-EC NB-N8

UPLINK i 8 88F

7 7 7 8 8 8 8 a 8"

9 9 9 0 1 1 1 2 4
0 5 7 2 0 2 7 1 0
0 0 5 5 0 5 5 5 0

EXCLUSIVE BAND
N" EC-EC NB--EC NB- NB EC-N6

DOWNLIN11 - 1
7 7 7 7 7 7 7 7 7
2 3 3 4 4 4 6 7 7

BEACONS: 7250.1 5 0 7 0 5 9 7 0 5
7675.1 0 0 5 0 0 0 5 0 0

14 500 MHz -_

Figure A-3. DSCS Phasc l Sateitite Frequency Translation Plan
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and NB-EC ch.nnels share the output power of a 20-watt T'\VT amplifier, using

"" the earth cove.rage antenna. Likewise, the NB-NB and EC-NB channels are

combined and transmitted via a second 20-watt TWT, using either one or both

of the narrow coverage antennas. The bandwidth of each channel is presented

in Figure A-3 and represents 410 MIhz of usable bandwidth. The satellite EILIP

is 28 dBW for the EC mode and 43 dBW for a N13 antenna (or 40 dBW each if two

are use(). This allows a marked increase in capacity and flexibility compared

with the 7 dBW of the Phase I satellite. Table A-5 provides a summary of the

major characteristics of the Phase II satellite.

All active componcnts within thu transponder are redundant. The selection

of the active components and narrow beam antenna switching and steering is clone

by ground command. TO achieve maximum in-orbit usage of the Phase II satel-

lite, all onboard systems have been sized to provl(. a minimum 5-ycar opera-

tional lifetime. Each channel within the satcllite can he commanded to operate

in a linear, quasi-linear or hard-i±miting mnode.

All transmitting antennas will be left-hand circularly polarized, whereas

the receiving antennas will be right-hand circularly polarized, The two narrow-

"bemi antennas will be capable of being independently steered ±10' from each of

two orthogonal directions, and the half-power beamwidth will cover an area

approximately 750 miles in diameter near the subsatellite point. The earth

coverage antennas (transmit and receive horns) will provide coverage to

approximately one-third of the earth's surface.

A.4 TACSAT

A. 4. 1 Space -ibsystem, General

The TACSAT program was (lesigmeo to provide satellite communications

between mobile tactical terminals. In January 1967, after a series of success-

i- •ful experiments, a contract was fc.r the development of the Tactical Cornmuni-

cations Satellite TACSAT). On 9 February 1969, the satellite was launched

into synchronous orbit and positioned over the '. S. The .stellite has bee. \ ry

] :\-l I



Table A-5. DSCS Phase 11 Satellite Characteristics

X -BAND MEC ANICALLY X -BAND MECHANICALLY S BAND BICONICAI. HOnN

TYPE CkSPUN HORN OESPtjN PARABOLOID R1EFLECTOR FORl 1 t&C

Number I I1

~ ~emvdt~ arhCoeraga 11e - 6' Nro Beasi - nonsinall 1, Toroidal 32'*,,d

Ma Xmit. - 16.84 doIEdge) Xmit. - 334 do Edge 369 (Peak$

TV ot ~~S,ngle c or rs oi wi t h each of 4 charnnalI oper on] in.a lnar, (tuati-linear, ov hard - bossling made. as
T~~psleccted Ili,3rourrd ommands

Corrfiguritsn EC- C' EC- No No-NBI NB-EC*

Rinriwarts 0~ (18 125 NtIHt 50 MH. 185 kI.e W BMWi

Numberr O~se One Onei One

R,-cer~t

S Tyne Frow't Eno T,,rivel Diode common -a EC-EC & EC-N8 Tunnel Diode commaon to No No & NO C~ chairs
oannels

Q. Front ENI Qsan No Diat No Date

Sviter, N'o,'e F~..irc 83 dR 12 ado

Tr~nrmitrer BE hnetN-Bcani

T~eTWT conon to EC- EC S. TWT common to EC-NO&

with FC-FC chaine.
Power out 20 Waits 20 WaitsT~*earn4,tmatjmnt

EIP28dew 40 d W (Each ofW2 antennas)

4. W tanianise)"

Stairl,m,on

Tyrre Soan tla!r)sil - norfinal OD RPM with Aivirazme tlrruaters tr stalonk"ffr a tt ,:tls cfchrra,.r

S CaOabti-l Po~ntigficuiscyol rle~fsufllatfOrin 10 14 Tt t ofNoanten3 ! ±2" Est - Wes ttuinnisserpinq ts tlha
of d"aIve ltryll hlqt :io;.1 fo, - years

Prnojry Rightr cvlIM,,ca array of "iAA, Celis. caPaitir of roviding 520 waits at launch A, I 357 watts Mtree v. si

Susrrieneny Thure mc~kii-carlm,urn battres

L Commun 
icaT ion Power Needs 

235 wa tts

_______________ 1120 l

'Denotes idink and downlivil antanrtes that Chaann1, el~ rseI
*Witha 2 NO ainfennas employed, TWsT otpowe P iy s Isplit. With I antenna. pot ~w gmI to thiut avsle-ne.
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suIccess-ful in its testingLl and dt'elopmwnt role, anld it wa1S Used in support of

Apollo recovery operations. Table A-6 sunmmarizes data relative to the space-

craft.Table A-6. TACSAT Satellite Data

J Satellite jTACSAT
Manufacturer & Sponsor Hughes Aircraft & AF Space and

Missile Systems Organization

Launch Date February 9, 1969

LaUnch Vehicle Ti' in ITIC

Apogee (mni. i 22,397
Orbital Perigee (mii.) 22, 331
Data Inclination 0. CIO

Period 24 hours

Stau Active

A.4. 2 TACSAT T1ransponder cnit fbt;SI o

C;Iz) reqenc trisltin reeatr ati U1F 240 to 340 Mi)freq~uency'

traslaingrepate, ech apa~e f oeraingwith selectable bandwidths from

50 li to10N11z.Inaddtin ter -ie wocrossover m-odes ofoperation

The ode ar uner cntrl o -- mmand~s transmitted by the satellite

control earth terminal. In kceeping with thu concept of mobile terminal sim-

plicity, tfie sat;- Ili, performs systcrnm treuiuccy control by transmnittinig I 1F

and SHiF b~eacon signals w'hich are used for antenina pointing a.nd as reterinces

for all transmit and -ecceive function freclu,-ncies generated at the terminals.

Table A 7 shows the operating frequency bands at 1.'!F am' S1IF. The

UHIF band uses thret operationi. ! i,ode.;. These are (1) narrow-band voice;

(2) a frequency hopping s~'tcrn, known as tactical transi-nissiuri system , TATS,I'designed for military conmmunications environmcats; and (3) broadcast alert.

Tib!c A-8 shows the -Ig,,nal proces:;ing tochniques 'ised in eachi UHF m1ode.

A-i 3



Table A-7. TACSAT Frequencies iMHz)

Puirpose Uplink Downlink

SHF Communications 7977. 5 to 7987. 5 7252. 5 to 7262. 5

SHF Beacon --- 7298.5

UIIF Communications 302. 5 to 312. 5 249. 3875 to 249. 8125

UHF Beacon 254.1 J

The SHF band uses four modes of operations. They are (1) FM, (2) TATS,

(3) broadcast alert and (4) DPSK. Table A-9 shows the :,ignal processing used

in the SHlF modes.

Characteristics of the communications-related subsystems of TACSAT are

described in Table A-10. A block diagram of the communications repeater is

shown in Figure A-4. There are eight grouna-commandable modes correspond-

ing to the four filter bandwidths at each frequccy bard. Two of the modes

represent cross-coupled operation between the ;HF and SHF repcaters.

TACSAT was the first U. S. spacecraft stabilized with gyrostat technology.

This means that the satellite does not have to be spun about its maximum moment

of inertia and thus frees the designer of on-board equipment from the moment

of inertia design con3traints.

The spacecraft consists of a arge spinning cylinder within which is mounted

a cone-shaped structure. A bearing assembly attached to the cene structure

supports, on its housing, a despun platform containing antea s and communica-

tions and telemetry equipment. The spinning section contains solar cells;

batteries; auxiliary telemetry, tracking, and conimand equipment; design control

electronics; the hydrogen peroxide propulsion system; and the nitrogen spinup

system. A pendulum liquid damper is used for nutation damping.

The intent of the program was - -'%rvide experimental hardware for

testing tactical satellite communicatio mid, therefore, to be conservative in

the .paeecraft development appro,10i. Space-proven technology was used

A - 1-I
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Table A-10. TACSAT Characteristics

Type UHF- Five element Sl!F- Separate fin loaded horns T1' C- Biconical Hr
elical array for tasfrtransmit and receive

Number One TOne One

Bear.width Earth coverage (190). 1Earth coverage (190). Receive Approximately 300
Receive and transmit Ind transmit patterns not

patrsnot identical identical and not symmetrical.
a and not sy~metrical.

i anpeak l7.58dl pe". 19.3dBNodt

coveage reaarea 15.2dB

p-ak 17 *12dBpeak 18.4dB

aknmi in u over Transmit minimum over coverage

coeaearea area 1.5.2dB

l~reueny Bnd UF JHF X- BAND I

TypeHar limtin IFtrans-4Hard limiting IF translation.
Adin.bjustable !Adjustable bandwidth and cross-I

bandwidth and crossoverlover to UHF repeater by comrwandl
to SHF repeater uy com-
mand.

3dB BadwidthStraiqh, through nodes- Straight through modei S0kliz,-
50k'z. 10k'zvand 1MHZ and lOMHz~crossover mode
425kHz.-crossover modes 425kHz
425kH- and l0MHz

Number One with some O0ne with some redundancy
redundancy

Type Front End Transistor preamplifier Tunnel diode amplifier into
Winto down conversion down conversion mixer

-3 System N ge 3.7dD 1.d

Type' 16 parallel transistor 3 TWTn - Any 2 summed in an
wamplifiers wi th sumn uput TWT switch.

of any number posible

Power out Carrier power (16 power Carrier power (2 TWTs) 14.6dBW!

amplifiers, 23.6dBW
Beacon power (16 power 3eacon power (2 TWTs) 0.2dBW
amplifiers) 8.OdBW I

UTPCarrier 40.7dflW ~ carrier 33.Odt"

Beacon B5lBW feacon 18.6dBW

Z Type Gyrostat - consists of spinning cylinder containing tiolar ..ells and a despun platfor.
containing communications equipment. Bearings and slip rings used between the 2 secl
tions. Nitrogen spinup system, hydrogen peroxide reaction jets and nutation damr'er
are used.

Capability overall pointing capability is approximately 0.1 dogree rms. However, intormittent
notation of about 1 degree occurs, lies been investigated and confir,,ed theoretically

w w PimarySolar array with 980 watts otitput

Supplement Battery ca3pacity-over 20 ampere-h-ours

U IZ Cylinder 25 feet long and 9 feet in diam'eter

IWEICHT About 1600 lb in orbit
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Figure A-4. TACSAT Transponder Rcpeater Block Diagrami
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of the United States' DSCS Phase I. The II. K. built five earth terminals 'three

with 40-foot antennas), one shipborne terminal and one mobile land terminal.

All were completed and participated in testing during 1966.

The U. S., in accordance with a memorandum of understanding with the U. K.,

built and launched two satellites required by the Skynet program.

Two satellites were to be launched in 1969-70, with one satellite acting

as a backup for the other to provide a 5-year system capability. Skylnet IA

was successfully launched into synchronous orbit in November 1969. Skynet IB

was launched in August 1970 and was a total loss when it failed to make synchro-

nous orbit. It was generally believed that the apogee kick motor used to cir-

cularize the orbit exploded. Table A-Il summarizes information on the Skynet

satellites.

The United Kingdom has initiated procurement of additional higher-powered

satellites from Marconi, a U. K. firm vorking under license to Philco-Ford of

the U. S. The! U. K. anticipates launching the first of the Skynet II series in the

summer or fall of 1972. Skvnett II will be similar in design to Skynet I but will

have considerably higher EIRP (20-watt TWT versus 3-watt TWT).

Based on Skynet communications requirements for long distance strat2gic

point to point digital communications and selected tactical communications with

mobiles, it was decided that two independent satellite bands would b, required

(20 and 2 MHz wide). Table A-12 gives the frequencies of the two bands.

Table A-12. 4ynet Frequencies

2-MHz Channel (MH7) 20-MHz Channel (MHz) Beacon (MHz)

Uplink 7976.02 to 7978. 02 7985. 12 to 8005. 12 --

Downlink 7257. 3 to 7259. 3 7266.4 to 7286. 4 7299.5

The satellite with two independent bands allowed the tailoring of the modula-

tion and multiple access to satisfy all system requirements. other specified

features of the system include pro% iding reliability of communications under

A-20
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various conditions of weather, loading and interference, and flexibility as to inter-

connections and traffic carried.

The requircments of Skynet communications led to a Phoice of terminals

of varying capacities. In addition, tho satellite antenna beam was made as broad

as possible to provide .overage from the U.K. in 'he West to Hong Kong in the

Far East. The U.K. 's other areas of interest fall between thesc two extremes.

Traffic requirements were in the form -f telegraphy, speech, and medium-

speed dat:, circuit6. It was decided that the strategic sy.stem would he designed

specifically tor digital signals at medium-speed eates of 7i x 2 bits per second

using the 20- IH7 channel.

For this chc'±nel, SSMA was chosen over FDMA since critical power bal-

ance and frequency plaming could be eliminated by using SSMA. In addition,

SSMA transmissions can be Superimposed without complete degradation when the

nominal capacity is exceeded, and SSMA signals are virtually immune to inter-

modulation effects except for the small loss of useful power (about 1 (113).

In the more difficult mobile terminal case it was decided to use FI)MA with

FMl as the basic modulation in the 2-.MHz satellite band. In addition the 2-MHz

channel is used to provide engineeing teletype orderwire facilities between fixed

sataions.

A. 5. 2 S&ynet Satellite Transponder

Characteristics of the Skynet satellites are shown in Table A-13. A

simplified block diagram showing the transponder of the satellite is shown in

Fig'urc A-5.

The communications subsystcm ;as shown in Figure A-5) receives, fre-

quency translates, amplifies, and retransmits X-I.and signals. Two channels,

20- and 2-M1z bandwidth i1 d13), are provided. The tota! output power i. divided

equally between the two channels. Fig-urc A-5 indicates only thu singh' thrcad

path. The complete equipment redundancy and cross-strapping which is cmploycd

A-2I



TPable A-13. Skynet I Satellite Characteristics
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to achieve reliability is not shown. sleto of1 1ith1 Cat If com ctosA equipment, operating with either traveling wttve tube amplifier, is dlone by

ground cornim and.

The communications antenna consists of the RF assembly and the motor

drive assembly (MUA). RF energy is circularly polarized, collimated into .a

plane wave front and focused on the flat plate reflector. The beam amis, reflected

through a 90' angle, is continually directed toward the subsatvllite point by the

dlespun motion of the radiatinig aperture. A rotary choke, joint at the lower eid

of the 'MDA housing permits efficient transfer of energy bct-%een the spacecraft's

fixed and dlespun waveguicle sections. A hydrazine reaction con1trol SuI),SVSt(?A

provides for attitude control and station keeping, and in addition will allow the

future relocation of the 'SkYnet satellite if systemn requirements change.

Three redundant antenna-pointing control systenis-carth horizon sellsors,

sun angle sensors a)ndI a backup earth-to-satellite command link-arc provided.

* A Uiff subsystem, also redundant, is provided for telemetry tracking andl

command services (TI C).

Electrical power is Supplied to the satellite from solar arrays, withi

batteries provided] for eclipse operation. Redundant power contr(l o.nits are

used to provide regulation, battery charging and load control.

A. i NATO

A.G6. 1 General

In 1967 a Memorandum of Understanding hetween the United States and(

NATO was signed whereby the U. S, would build and Ltunch ! W() Sklyflt-tYpe

satellites. The U. S. Air Force's Spaee and Missile System ()rganiz-ition iSAiMS01i

Jwith tchnbjicail support from the Aerospace Corporation. w%,;s to ct aIs the Pro-

curemnent agent for NATo.

ISystem1 itffdie indi.c-ated that two minor changes in the SkyNnut satullile

would prov0%ideL a l~tt V r SNV.-t('11 for' NAT()I. TheL first moklifi cait i' W to changte

A -2,-



thc equal power divisioi. between the 20- and 2-M'Qlz channels of the transponder

to a 63:1 ratio, respectively. The second change was to shift the antenna-aiming

p)oint from the subsaitellite point on the earth to between 40- and 45 0N latitude

since all NATO earth terminals were to be located north of the Equator. This

yielded a better power spread for NATO coverage over the Northern Hemisphere.

In addition, NATO decided to participate in the DSCS Phase I test program.

They initiall, leased and finally purchased two 15-foot diameter IMASCOT satel-

lite ground terminals built by Philco-Ford. These terminals were used to train

personnel for the advanced system (NAT1O SATCOM Phase 11). The early part

of the program involving operations with the IJSCS Phase I w~as called NATO

SATCOM Phase 1.

Th, NATO SATCOM Phase 11 included launching the tw.%o modified Skynet-

type satellites and building a satellite ground system. The twvo satellites were

to be launched in 1969-70 with one satellite acting as a backutp to provide a 5-

y'ear system capability. NATO I was successfully launched into synchronouls

orbit in 'March 1970. The launch of N.ATO 11 was delayed until 1971 because of

the alpogee Motor failUVe that occurred during the iaunch of Skynet 113. NATO

Il was successfully launched into synchronous orbit in February 197j1.

The operational requirements dictated the use of 12 fixed carth terminals.

The 12 station3 are located near the capital cities of the following 12 cowitries:

Belgium, Germany, U nited States, United Kingdom, Norway,., Turbecy. Italy,

17aada, the Netherlands, Denmiark, Greece, and Portugal.

Th1w termiinals are all equipped with 42-foot diani'cter antcnr asi howec er,

the L) terniinals Nvill be equipped 1,- handle : 4 voice channels and the I

tcrialsonly three voice channels.

A. 6. 2 NATO) Traispx-rdur

Table A-I I provides the NATO satellite charaicturis,-tic(. The siIMh r

block diatgram (d the NATO -teC1litU is the same as that sh~ )Wl iii I i gure A -5

for ' vn t.



Table A-14. NATO Satellite Characteristics
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Table A-15. Intelsat I\ Characteristics

Type Global, receive, global transmit: conical horn
with flat plate reflection. Spot Beam: 50-1y~ch
paraboUc :eflector. Omnidirectional command
receive antenna and omnidirectional telemetry

I transmit.C
Number 2 of each of the above communications antennas

Transmitter Beamidth (global/spot beam) 17/4. 5
Transmitter Gain (global/spot) 20. 5/31.7 dB
Polarization iircular

;: :Frequency Band C-band
Type Linear or limiting* single RF conversion repeater

Bandwidth 1 dJ3 36 MHz
Number 12

-- T

T ype Front End Tunnel Diode Amplifier
C) Front End GaLi 13.8 dB

System Noise Figure 8.2 dB

E Type TWTA
Power Out 8 dBW per transponder

SEIRP** (global/spot beam) 22. 5/3 1. 2 dBW per transponder at beam edge

0

TJ TypeSpin with hydrazlnu jet attilide and orbital"s
contrcl.

. Primary 42,246 solar cells - 7'5O watts at launch
, Supplement Nickel-cadmium batteries

Size Cylindrical: 7'9" diameter, 17'4" heilht overall,
9'3" solar drum alone

Weight (at liftoff) 3094 Ibs
(in orbit) 1544 Ibs

Notes: *Selectable by ground command.
**Both north/south and east/west stationkeeping provided.
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paraboloidal dish, are mounted on the despun control mast. The aiming of the

spot beams is controlled from the ground. fhese antennas have a 4. 5* beam-

width and can provide high-gain coverage in selected areas. Figurc A-(; is the

block diagram of Intelsat IV. The satellite, using the EC anteima, will be

capable of relaying 6000 half duplex channels or 12 color television programs,

or equivalent combinations of such transmissions.

Operating frequencies for the four t3ypes of Intelsat spacecraft arc shown

in Table A-16. The bands of usage indicated show that the Intelsat I, II, and

II s;pacecraft contained two, one and two independent repeaters, respectively.

In intelsat IV, the bandwidth shown spans the total operating frequency range

of 12 independent repeaters. Downlink center frequencies for the 12 repeaters

are: 3725, 3765, 3801j, 3845, 3885, 3925, 3975, 1015, 4055, 4095, 4135, and

4175 MHz, respectively. Uplink frequencies for each repeater are 2225 MHz

above the indicated downlink frequencies. The frequencies employed were

selected to be compatible with the shared frequency bands allocated to com-

mercial satellite communications by the International Telecommunications

Union in 1963.

A-30
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4

5 APPENDIX B - EARTH 'IERMINAIS

13.1 GENERAL

T1his appendix presents a summary of the characteristics of currently

IavailaIble anld proposed earthi terminals of interest to military commuflleatoi'S.A

1* Major design chiaract~ristics of the earth terminals covered in this section

.are provided ill Table 13-1.

13.2 AIN/FSC-9

This terminail type was originally developed for an R &D program and

was Conlverted to meet the requirements of DSCS Phase I and other experimental

prograins. Fig~ure Bl-1 is a photograph of the A.N./FSC-9 antenna and Figure

11-2 is I Simlplified block diagMi of the original earth terminal. There arL-

two existing terminals of this type; one at Fort Dix, New Jersey and the other

at Camlp Roberts, California.

Y - The antenna is a 60-foot diameter paraboloid reflector with anl automatic

trzc'ling feed system. The reflector for the antenna includes a superstructutreI

* - that acts as a counterweight and provides housing for electronic equipment.

-Thei weioght of the antenna is approxiniaitely 190 tons. The anteina was designed

-- to operate with low-altitude satellites, hence the axes have rotational rates of

about 10' per second. Also the antenna was originally designed to operate at

a lower frequency than that used by DSC S Phase I aind the gain at 7 and 8 GI-z

was lower than desired. Improvements during 1971 partially rectified this

p~roblemr. Automatic tracking is provided by a pseuclomonopulse technique.
J_

The \Y/FSC-9 terminal is equipped with both FMI and spread spectrum

(1p eudofloise) modulation equipment. The FM modulator accepts the 0. 3- to

52-1JIz basebiand from thu AN/FCC -55 multiplexer and modulatcs it to one of

1four fr,.:quencies ini the 70-MNHz IF. The demodulator takes the 70-MIHz signal

from the microw:,ve recciver and deniodulates it to the 0. 3- to 52-kHz baseband.

B-1
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The spread spectrum (psoudonoise) equipment, AN/URC-55, processes

the baseband of up to four voice channels with deviation factors of 2, 4 and 8.

The digital modes of operation can process one digital chan,.el at rates of

from 75 to 4800 bps in multiples of 75 times 2 . The IF is at 70 Mtz.

The AN/FCC-55 multiplexer/demultiplexer performs the following

functions:

1. Multiplexes a total of 12 incoming user voice chan-nels, a 0- to

I-kflz orderwi#e, and the out-of-band teletypewriters (TTYs) into -I
a 300-Hz to 52-kHz baseband package. One TTY channel serves as

a terminal orderwire; the second TTY channel may serve as a

TCF-to-TCF orderwire. The 4-kHz channel normally is used as

a voice comnrunications channel for the 5-channel mode.

2. Demultiplexes the recuived 52-kHz baseband package into the

individual circuits as enumerated above.

The prime power for the AN/FSC-9 earth terminals is supplied by corn-

mercial sources. The requirements for terminal operation are 400-volt,

3-phase, 60-Hz, 700-kW voltage. The AN/FSC-9 terminals have been

re.-.biitated and upgraded in performance, including modifications to incor-

porate some redundancy and increase the availability of the termittals.
.1

B.3 AN/MSC-46

The AN/MSC-46 is . mobilize satellite communication termir 'that

operates with synchronous or near-synchronous satellites. There are 13

AN/MSC-46 terminals now deployed for operational use in the system. One

additional AN/MSC-46 is located at Fort Monmouth, New Jersey for testing

and training. The AN/MSC-46 provides an output power of 10 kV in the

frequency range from 7.9 to 8.4 GHz. The receive frequency is in the

range from 7.25 to 7. 75 GHz. The system contains mult'iAex equipment with

an installed oapacity of 12 duplex voice channels and five 6 iplex TrY channels

B-3l



ir a bascband of -1 to 52 kl-iz. Auxiliary wideband baseband inputs of 0. 3 to 500

Ulz or 0.2" to 2352 kllz (up to 60o voice channels) can be accommodated. To

facilitate oerations, an additional TTY channel Is used as an orderwire.

-iure 13-3 io a photograph oi the AN,/MSC-46.

7rhe UN/.N-ISC-4G terminal i.- housed in a cargo van, a maintenance van,

an operations c-,ntrol van (OCV) and an Inflatable radome. Power is iurnished

by throe diesel generators of 100 kW each, or local commercial powver, if

available. The completoe terminal, including the disassembled antenna qn(:

radome, ca-n be transported in C-124, C-130E, or C-133 aircraft. Thc

total wveight is approximately 114, 000 pounds. After arrival on site, a crew

of eight trained men is required to erect the terminal.

The AN/1MIIC-46 terminal useG a 40-foot diametegr Cassegrain type

antenna system with an automratic tracking iced system capable of tracking

syilr'-rc.-ous and near -sync hronous commniunication satellites. The reflector

is inownted on a transportable pedestal which uses a tripoo ground support.

The IIF room,., containing the receiver and high-power amplifier, is located

directly ',ehind the main~ reflector. The antenna feerd is a f-ur-horn (modified)

monopulse, circularly polarized feed that is used both for transmitting and

rcccivi'g4. The feed provides sum, clc.ation error, and azimuth error

signals to thie RF receiver for comm-unication signal processing and antenna

*tracking. The mectallic ubreflector originally used a tripod mnotun. The

. /MSC-46 antctmas have been modified by replacing the siuCref lector assembly

ith a single 'Dlehrvdo (dielectric cone) feod.

T ic AN/MNC- 4'- tcrm-inil I-- equipped with FM Ind spread spectrum

*(p-,eudonoise) modulation and multiplex equipment similat to tb.at described

for the .'NFC9except that the IF frequencies are different.

The ANI/MNSC- 46 terminals also ha-ve the AN/TCC-3, a five-eka-,nel

tactical quality mult1i-lc:,, unit. -The :',asoband configuration of the top four

cliannels is Inverted; that Is, the carriers ind lower 3!debanrls are suppr, ssed.

1.3-7
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! 7 igro 3- ViTh AN/MNSc--u; Earth Terminal With No Ralorne

But With Updated Dielguide Antenna Feed
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The baseband configuration of the AN/FCC-55 multiplex is upright; i. C., the

carriers and upper siccands are suppressed. Thus, the AN/TCC-3 basebancl

is incomipatible with the AN/FCC-55 baseband. Figure B-4 is a simplified

block diagram of thu AN,/MNSC-46.

Bl.4 AN/TSC-54

The AN/TSC-54 is a transportable satellite communication earth

terminal. It provides thle capability for tracking a communication satellite

- and for transmitting 7. 9 to 8. 4 GHz and receiving 7. 25- to 7. 75-GHz signals.

A six-man cr-ew can erect or dismantle the terminal in 2 hours. Figure B-5

is a phiotograph of the AN/TSC-54. The primary elements of the terminal

aire a modified S-141// equipment shelter and the antenna assembly. To

complte the terminal a primary' power source and suitable mobilizing cq-iip-

nient are supplied.

The equipment is configured to be transported overland with attachment

of suitable wheel assemblies. Detachable ground mobilizers (GOAT mobilizer' -

goes over all terrain) are supplied that allow towing of the terminal o'er

uni~iroedterrain. The equipment ca . eidrlifteubhelcptr huh
entire system weighs less than 17, 500 pounds without fuel; no single package

weighs mnorc than 63000 pounds. Also the maximum dimun,-ior_ andi o:vurall wveight

I I.ire compatible with the loading capability of cargo airc raft such ais thk- C -]3011

The AN/TSC-54 terminal uses an array of four 1(-foot (iick-1teI , aI-

bolic dishes, 'each of which has a Divlguide feed for Cassegrain illutninatin.

providing an l8-foot effective diameter. The antenna is suipported and stabil-

izC( in the operational configurzvtioi, by tripod outriggers. The klystronl poverl

a implifier, exciter, and power supplies are mountedI in the antenna. pedestlal

5 I~behindl the antenna reflectors. Thle sigi-al thu~~- le aIntenna-mountedl

cectronic.-i are ;-t 400 MHz. B-;I
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The AN/TSC-54 is equipped with FM and pseudonoise (PN) modulation

equipment. The Navy AN/TSC-54 terminals are also equipped with differential

phase-shift keying (DPSK) modulation equipment. The FM receiver is a phase-

luck demodulator with selectable bandwidths (by switch) and additional band-

widths are selectable by module change.

The FM modulator provides for the following modes of operation:

1. One voice plus one duplex out-of-band user TTY and one

out-of-band orderwire TTY

2. One in-ban' TTY (last ditch operation)

3. One, four, eight or 16 multiplex TTY

-1. One truncated voice channel.

The DPSK modulation/demodulation equipment is capable of supporting

up to 16 time division-multiplexed teletype channels. The PN equipment,

AN/URC-61, processes one voice channel plus one FSK-TTY orderwire or

FDM! of !6 VFTG TTY channels. The digital modes of operation can process

one digital channel at rates of from 75 to 4800 bps. Prime electrical power

is supplied by a light-weight 45-kW 400-Hz diesel generator set. The electrical

specifications for prime power are 120/208 volts ± 5 percent, 400 Hz ± 2 percent,

3-phase, 4-wire.

This terminal will be modified and equipped to fulfill either of two

missions in Phase T1. It will be used for DCS trunking in the earth coverage

mode providirg from three to six voice channels. It will also be capable of

being rapid4y deployed as a contingency terminal utilizing the satellite narrow-

beam antenna.

13.5 AN/MSC-60, HEAVY TRANSPORTABLE (HT)

Table B-i presents the design characteristics of the AN/MSC-60. The

AN/MSC-60 earth terminal shown in Figure B-6 is a transportable terminal

B-12
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designed as a semifIxed installation, but having recovery (disassembly/

reassembly) capability. It requires a prepared site and about 45 days to install.

A prototype model has recently been developed by the Army 6ATCOM Agency

under a contract to Philco-Ford Corporation. The terminal Is expected to be

delivered during 1972 and deployed operationally as a nodal terminal in Phase

IT.

The antenna reflector system consists of a solid-surface, 60-foot diam-

eter, high-efficiency main reflector and a subreflector. The HT terminal G/T

and EIRP capabilities are 39 dB/°K and 127 dB, respectively, and the terminal

ovovides a multiple transmit and receive carrier capability.

The AN/MSC-60 terminal interfaces with a communications subsystem

at IF frcuencies of 70 to 700 M11z for both transmit and receive carriers.

Tining of transmit and receive carriers in increments of 1 kHz over the full

500-MHz uplink and downlink satellite froquency bands is provided. An auto-

matic carrier balance capability is used that provides automatic leveling of

each transmitted carrier with an accuracy of .0. 2 dB. The AN/MSC-60

terminal has been designed with extensive and sophisticated automatic fault

location, monitors and alarms. An interface has been provided which is suit-

able for remoting the analog and digital signals relting lo the many parameters

which are monitored.

The terminal will include three vans in addition to the antenna and

pedestal subsystem. One van is used for housing the transmitters and heat

exchange.es, another van houses the RF operations equipment including the

control console and a third van is used for maintenance purposes. The total

weight of the AN'/MSC-60 is 40j, 000 pounds, including the maintenance and

cervice vans and the prime power units.

The AN/MSC-60 can be equipped 'th up to nine transmit and 12 receive

(FDMA) carriers. Hlwever, the initial models procured will be equipped with

five transmit ;and nine receive carriers. These terminals ace designed to be

deployed to nodal locations, replacing selected AN/MSC-46 terminals. The

B-14



higher inherent availability of these terminals, together with their performance

capability, will increase the overall performance of Phase 11.

3.h AIN ',NSC-GI1, IN1EDIRI T i? A-i1,N3PORTABLE (MIT)

The AN/MSC-61 is the mnediumn-weight counterpart of the AN/AMSC-60

heavy LULminal. Both terminals are basically similar in electronic design

aInd hav-e thile interfaces, r editndancey and availa1bility. A primiary diffei ence

s that the AN/AISC-G1 is equipped with an 18-root, alumtinum, cloverleaf antenna

that i~z used with the AN/TSC-54. This increases the miobility of the terminal

-' but deorea-se thc G/l' from .39 to 27 dB/sK.

The overall weight of this terminal wvill be approximately 100, 000 pounds,

including the mnaintenance and service vans and the prime power units. The

AN:'MSC-61 and AN/MLSC -60 vans have been designed with sufficient common-

ality to be interchangeable. The van equipment, as normally outfitted for the

AN;'MSC-61 terminal, will not include the redundant 5-kW TWT power .nplifier,

and will have only three uI) converters and four down converters as opposed to

five and nine, respectively fc~r the AN/NMSC -60. Figure B-7 is a picture of the

ANI MISC-61.

1.7 SCT-21

Figure B-8 shows tile SCT-21. a transportable earth terminal designed

by Philco-Ford and intended for nonmilitarized use.

IThe 21-foot satellite communications terminal is a link terminal capable

of providing microwave communications between earth-based stations via

I actiVC satellite repeater systems operating in the military satellite communi-

cation frequency bands. The systemi consists basically of the following:

I1. 21-foot high efficienc:y antenna

2. Cominunications transmitter

13. Cornmunicaticnis receiver, inclUding cryogenic paramip

B- 15
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41. Be-acon tracking receiver

5. Alarm and status equipment

(i. Communications terminal equipment

7. ligh-efficiency digital modem.

The terminal is a modular design to facilitate changing operational capabilities

.uod to provide a high degree of maintainability with a low mean time to repair.

The terminal is capable of accepting nominal 4-kH7 analog voice channels,

24100-bps data channels modulated onto a 4-ktlz channel wire line and TTY

channels from up to 20 user lines and provides a minimum capability to relay

up to four of the 4-kHz channels including two TTY chamneli or up to 50 kbps

of digital data on a single carrier frequency. Multiplex equipment and transmit,/

receive equipment provided for near optimum communications of the following

two communications modes.

1. Analog - The ierminal is capable of providing up to four full

duplex voice or 2400 bps dat links or any combination thereof

and 2 full duplex out of band 60/100 wpm teletype circuits.

One teletype is a dedicated terminal-to-terminal orderwire.

2. Digital - The terminal is capable of providing one full duplex

50. 0 kbps channel and one full duplex 60/100 wpm teletype

circuit.

The modular design concept readily permits simple addition or deletion

of caplibilities. The terminal has a 21-foot diameter, high-efficiency antenna

and a 5-kW power amplifier. The primary frequency bands arc 7. 975- to 8. 025-

Gllz transmit and 7.25- to 7.30-Gliz receive. A low noise parametric pre-

amplifier amplifies incoming communication and beacon signals. The tracking

beacon frequency is assumed to lie within the 50-MHz band containing the

communication signal. The data and tracking receivers use phased lock loop

techniques. Automatic tracking Is provided ty the wideband monopulse-type fecd.

B.-18
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- System noise termperature Is 123"K maximum resulting in a G/'r ratio

of 31 d11/K,minimum. The availability for this terminal is not less than

0. 99, Th(, terminal system is capable of being operated by a single man,

although normally two men per shift would be used. The equipment operates

i I and maintains a specified performance from power sources having the char-

acteristies outlined in Table 13-1.

1. 8 AN,TSC-q)

j The AN 'ITSC-80 (shelter terminal) ' s an SHIP tactical satellite communi-

cations ground terminal. Table B-1 presents the major characteristics of

the shelter terminal, The AN!TSC--80 shelter terminal shown in Figure B-9

incorporates all of the transmit and receive functions outlined in Figure B-10

Jand generates frequencies necessary for operation on all the carriers

designated in Figure B-1I. All of the electronics equipment is housed in

an S-318( )/' shelter translpot:le]c hy a 1-1/4 ton M-715 vehicle, helicopter,

or aircraft. An ac, csory trailer carrier dual 5-kW gasoline generators,

and provides stowiage fo' the .4-foot antenna reflector, feed system, antenna

supports, and fu ,:. The antenna system, including the SHF receiving

amplifier conts ing both parametric and tunnel diode sections, mounts on the

c"orner of the si 1eltcr using quick-release pin hardware.

The transmitter out)ut signal is applied to the antenna feed through a

section of tm Lstable waveguide to allow c .evation and azimuth adjustment. A

Icrank-driven worm drive provides azinmuth adjustment, and a chain drive

n:'chanism provides elevation adjustment. Hand transits are provided for

initial setup and it rcmotc be'acon strength indicating meter allows the operator

to mAke precise mn;ual adu] u, trMIernts. Consistent setting accuracies of Uldel"

-;-0. 5 have beel experienced. Acquiring the satellite has proved to be easy

and straightforwalrd on all terminals. Setup times with a t\o-1man crew

have run under 20 in utes.

I
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Figure B-12. TACSAT Vehicular Terminal (AN/AISC-57)

B3-244



iB. 10 DIPLOMATIC TELECOMMLNIUCA'rioNs SERVICE (DTS)

The DTS terminal, shown in Figure B-13, is intended to pro-ide relatively

inexpensive dedicated or special-purpose user service. The equipment is

- designed for unattended operation and features a relocatable configuration.

Table B-1 presents the design characteristics of one DTS terminal (designated

SC-1B) intended for nodal service. This terminal will have the capability of

receiving a-d transmitting two carriers.

-- The equipment design is modular so that many variations are possible

as desired by the user. Figutre B-1 I is a functional block diagram of the

terminal. Individual carrier power is adjustable over a 40-lB range. The

.aodem uses convolutional encoding and Viterbi algorithm decoding, which
E

,lchie\cs a bit error rate of 10- with an _b = 6 dB.
N

0

Two service test models of the terminal have been procured. The

SC-1 will have the c-,pability of handling 2400 bps PSK on one carrier and

either 150 or 300 bps PSK on the other carrier. Provision will be made to

" incorpo rate a Fpread spectrum modem with an RF bandwidth of 20 MHz. The
-- G

second terminal, designated SC-1A, will have a 6-foot antenna with a - - 17.5
T

dB!PK and an EIRP - 94 dBm. The SC-1A will hava the same capabilities as

the SC-1B.

The DTS is planning to procure a third terminal (designated SC-2) to be
Gused as an entry station. The antenna diameter will be about 30 feet, the T,- T

31 dB/"K, and the EIRP 118 dBm. This terminal ill have the capability of

transmitting and receiving 25 PSK or spread spectrum carriers.

Additional optional configurations include antenna diameters up to 60 feet,

transmitter powers up to 2. 5 kW, and FM analog of QPSK modems.

!4
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B. 11 MAJOR SHIP SATELLITE TERMINAL (MASST)

The Navy is currently procuring four AN/SSC-6 terminals for use on

fleet flagships. Each terminal will have a 6-foot antenna and will have a dual

transaILt and receive carrier capability. The terminal design characteristics

are shown in Table B-1. IF Interfaces are provided at 700 Mtlz and at 70 MIHz.

As presently configured, the terminals will have a DPSK modem and an AN/URC-

61 pseudonotse modem. The terminals will provide voice and teletype communi-

cations between the flagships and shore stations.

B. 12 AN/TSC-86(LT)

This carth terminal family has not yet been completely defined; however,

two development models will be procured when a contractor is selected. The

tcrminals are to be capable of truck iransportation for rapid deployment.

Table B-1 presents typical parameters for one of the LT terminals, which will

have a capability of one transmit and one receive carrier. The terminals are

intended for special user service, such as contingency, Presidential support,

DCS extension, and intra-area trucking. The terminals for the most part are

intended for FDALA operation while the DSCS uses FDMA. When TDMA is

introduced into the DSCS, either a channelized satellite repeater will have to

be used or a special low-cost TDMA modem will have to be developed for the

small user.

B-2
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APPENDIX C - PHASE I

C. 1 BACKGROUND AND CONCEPT

T In 1962 the Secretary of Defense established the Defense Communication

Satellite Program (DCSP) to develop a satellite communication system that

would provide long-haul links between fixed, transportable, or shipboard

terminals. Overall responsibility for DCSP was assigned to the Defense Coin-

munications Agency (DCA).

The initial objectives of the program are shown in Table C-1.

Table C-1. DCSP Objectives

Number Objectives

1 Conduct system research, development, testing and evalua-
tion to determine operational compatibility and utility of the
Initial Defense Communication Satellite System (IDCSS) to
meet user requirements.

* " 2 Establish a research and development communications
satellite system, designed for the most part to be directly
convertible and expandable to an operational system

* "through integration and compatibility with the DCS and,
thereby, also capable of providing service to specified
users of the National Communications System,

. -3 Provide an emergency capability for supplementing the
Defense Communications System (DCS) and improving its

"- assurance of provision of the minimal essential survival
communicattonb for ihe National Military Command and

Control purposes.

-Phase I of this program was given th- tit :, Initial Defense Communications
Satellite Program (IDCSP).

The development concept of the IDCSP satellite included the require-

ment that the operational satellite be independent of ground command and that

I



simplicity be stressed in the design of the communication subsystem. Thus,

there was no active control of position or orientation of the satellite either

during deployment or during the life of the system.

The period immediately after the first launch on 16 June 1966 was used

for system testing between deployed terminals. In particular a two-channel ,

duplex link capability between two AN/MSC-46 terminals was demonstrated.

In December 1966 emergency operational links were established between

Hawaii-RVN and Pbh.lipp.nes-RVN. In july !9C he entire Pacific network

was placed in initial operational status, and integration of IDCSP into the DCS .

was begun. Thus, designed :,s an R&D system, the IDCSP quickly became an

operational system, though some R&D was continued in othur portions of the

system.

C. 2 SYSTEM DESCRIPTION

The Defense Satellite Communications System (DSCS) is one part of the

total Defense Communications System (DCS), which is a worldwide complex of

long-haul, point-to-point communications facilities. These facilities include

transmission via conventional VLF through HF radio, land and submarine

cable, microwave, and tropospheric scatter. The LDCSP augmented and,

where physically or technically advantageous, replaced conventional communi-

cation methods. The IDCSP provides near-synchronous communication satel-

lites to relay voice and digital communications between fixed and mobile users.

It consists of four subsystems: earth station, launch and deployment, space,
and control. =

Figure C-1 shows one half of a typical DSCS user-to-user link; the exact

configuration of the earth station/user interface varies depending on the situation.

For example, it is possible for the user (especially tactical or contingency

users) to be connected directly to the link terminal. However, in normal DCS

use the user interfaces with the Technical Control Facility (TCF), as shown in

C-2
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in Figure C-1. Each satellite has one transponder which is used for one duplex I
link.

The earth station subsystem includes all the elements necessary to estab-

lish satellite communication channels which serve DCS stations or the directly

connected users.

There are several types of terminals used in the IDCSP0 Two AN/FSC-9 -.

terminals are used, one at Camp Roberts, California and the other at Fort DI-:,

New Jersey. They are fixed installations, each equipped with a 60-foot-

diameter antenna. £he AN/MISC -46 earth terminals developed for IDCSP are -,

deployed at nodes. They are transportable units with 40-foot-diameter intennas.

They are intended for use primarily as DCS trunk terminals. The highly trans-

portable AN/TSC-54 terminals are used for extension of the DCS into contingency

areas, for tributary-type links to outlying activities, and as Navy shore stations. -.

Local conditions dictate the type of transmission facility used as an intercon-

nect link. A descriptive summary of these and other earth terminals is pre-

sented in Appendix B (Table B-i).

'he launch and deployment subsystem includes: the Titan I1C launch

vehicles, satellite dispensers, and facilities to implement and support the

launch operations, satellite injection into orbit, the ensuing telemetry readout,

and tracking and ephemeris determinations. Launch phase technical support

was provided by the Air Force Satellite Control Facility (SCF). Since the

completion of the launches, the SCF has provided orbital tracking data and

telemetry monitoring to determine satellite condition. This information is

forwarded to the Satellite Communication Control FcP!!ty (SCCF) at DCA

Headquarters to be used in system control.

For the space subsystem 26 satellites were launched into near equatorial

orbits at a near synchronous altitude of approximately 20, 600 miles in the four

launches. Table A-1 in Appendix A summarizes dati relating to launches.

C-4
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Fifteen of these satellites were still operational as of December 1971. The

satellites, viewed from the earth, drift from west to east at about 30' of

longitude per day. A single satellite stays within view of a particular earth

terminal about 4-1/2 days. A varying distribution of satellites encircling the

earth exists, since each satellite was released from the dispenser at a

slightly different orbItal velocity. The differential velocities are chosen in
such (I way~' as to provide a quastra .on distribution of the satellites. Originally

designed for a mean time to failure (MTTF) of 1.5 years (with a g,al of 3 years),

the satellites have exceeded the goal and have an MTTF now of over 5 years.

The satellite transmitters are sc} ,duled to turn off automatically about ; Years

from date of launch.

- - The )urpo-je of the control subsystem is to achieve an orderly allocation

of system assets among various users in accordance with validated user

requirements. The basic elements of the control subsystem are the Satellite

Communications Control Facit ty (SCCF), the Area Communications Control

Function (ACCF), and the Earth Station Control Function (ESCF). The SCCF

is the focal point of the control subsystem, collocated with the DCA Operations

Center (DCAOC) in Arlington, Virginia. The primary mission of the SCCF is

preparation and distribution of long-term (for 60 days, preparp'd every 30 days),

short-term (up to 30- .y duration), and emergency satellite/terminal schedules

in accordance with validated user requirements.

To a large extent the circuits provided by the IDCSP appear similar to

conventional trunks. Careful engineering of the earth station And DCS station

interface make it possible to replace a standard common use-" channel wvith a

satellite link Involving a minimum of special consideration and realignment of

equipment on the part of the user or operator. However, certain system char-

acteristics of the satellite channel can introduce peculiar problems. These

are propagation delay, handover, and Doppler shift. One way piopagation

IC-
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delay ranges from about 200 to 260 milliseconds. Experience has shown that

this amount of delay is not bothersome on typical voice circuits and has little

effect on thle quality of data transmilssion. The occurrence of out age becau,;C

of handovers (the tranisfer from one satellite to another) is normally predictablu

in ladvance, and with proper scheduling and coordination its effects (!an be mnini-

mized. The handover time design objective is 2 minutes. The maximlum D~op-

pier shift, 0. 21 ppmn, occurs when thle satellite is rising or setting with respect

to a given earth terminal. In gecneral, thesc shifts are small enough that they

have no noticable effects onl data transmitted via 1DCSP.

To establish communications between two termninals it Is necessary fur a

Saltellite to be Mutually visible to the tcrmiinals. SCCF is able to provide

satellite, scheduling data for all links for a 60-day interval. Satellite visibility

prc-dhction based on probabilistic analysis for various links is shown in Figure

C-2 as a function of the total number of orbiting satellites. For 11awaii and thle

kepuhlle of Vietnam (RVN) the satellite vIsibility prediction is sho~kn for at

least one link and at least two simultaneous links. Two satellites and four

earth terminals wvould be required wvhen the chaluiel requirements exceed the

capability of one satellite. Thus, with a system composed of 15 sctellites,

1,he probability of at least oi~e satellite's being visible for the llawaii-RVN link

Is 89 percent and a second satellite for a second simultaneous link is (;I per-

cent. Since there is no orbital control to permit repositioning c~f the satellites,

random gaps can occur for the orbital plane. In addition, satellites many b*'conl

temporarily unusable because of conjui ctic.'- w.ith other satellites (resulting

in multipath) or M~th the sun or moon (resulting in an increase in system noise

temperaturej. Also, since the satellites have no batteries, they do not operatc

during eclip.3e (while in the earth's shaidow).

C, MODULATION CHARACTERISTICS

Four forms of modulation are used in Phase 1, including frequency divi!sion

multiplex-frequency modulation (FDM-FM), spread spectrum (SS), ditl'ercit I al

C-6
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phase shift keying (DPSK), and multiple frequency shift keying (MFSK). All -1

earth terminals use FDM-FM anid SS. The AN/TSC-54 terminals also use

DPSK and the four AN/MSC-46 terminals are capable of operating with MFSK.

Spread spectrum modulation can provide antijam protection for the system.

The FDM baseband consists of nominal 4-k4--. channels, oj. frequency-

shift-keyed (F6K) telegraph channels, or a combination of both. The AN/FSC-

9 and AN/MSC-46 terminals were modified to accommodate up to 12 voice

channels. The earth terminal equipment is also capable of accepting up to five

intividual TTY channels and frequency shift-keying them into one of the voice

, hannel.;. This latter capability is not used for normal DCS service. It is

usuAly more efficient to multiplex the TTY channcls at a DCS facility. The

capability could be used, however, for direct access user to the satel-

lite link terminal if necessary.

The baseband configuration of the AN/TSC-54 termnal is compatible j
,%ith the baseband ,f the larger terminals; thus, interoperability in the FDM-

I'M mode is assured. The AN/TSC-54 has no voice frequency multiplex equip-

ment, but is equipped with voice frequency telegraph keyers and converters

and can provide one voice frequency channel and two out-of-band TTY channels.

Ceriain AN/TRC-54 link terminals are capable of differentially biphase

modulating the carrier with serial binary data streams up to 2400 bps with a

design objectivc of 50 kbps. A teletype time division multiplex (TDM) unit

accepts up to sixteen 75-bps teletype inputs and convcrts tiem into a binary

stream suitable for DPSK modulation.

C.4 SPACECRAFT

The JUCSP satellites are spin-stabilized to maintain the spin axis within

-5° of[ normal to the earth's equatorial plane. The repeaters are double-

frequency conversion, ),xcd-llmiter repeaters. They are not equipped with

batttries and have a transmitted ETRP of 7 dBW minimum. The repeater is

dis-cussed in detail in Appendix A.
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5. Compatible with MSC-46 earth terminals and IDCSP satellites

6. Provision for adaptive error control with full duplex operation.

For the purpose of the computer test a triple error correcting (four-

error detecting) code was used to correct errors over the satellite link. This
_

did not, however, provide for error correction over the ICF. To accommodate

the typical format of computer tapes, which consists of randomly positioned

data with gaps to separate the daca and variations in tape speed, several features

had t be incorporated into the i'iulipment. These features consisted of buffer

storage, gap recognition and generation circuitry, and generation of filler data

to maintain synchronization when gaps occur in the tape format.

C. 6 DCS INTERFACE

Tho satellite communication terminals are connected to DCS through an

Interconnect Facility (ICF) and a Technical Control Facility (TCF). A

The interconnect facility consists of two groups of terminating equipment

and an interconnect link. The transmission medium may be LOS microwave,

tropospheric scatter, cable, or other, as appropriate. Local conditions dictate

-- what type will be used as an interconnect link.

Most ICF links are paired cables as only voice circuits are necessary.

C. 7 LINK CONFIGURATION

The terminals of the IDCSP are arranged to provide a point-to-point

communications circuit. Typical link and terminal types arc showvn in

Figure C-4.
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! APPENDIX D- PHASE II

D. 1 PROGRAM DESCRIPTION

In June 1968, the Department of Defense announced its decision to acquire

six new satellites and additional earth terminals as the second phase of the

Defense Satellite Communications System (DSCS). The first phase (IDCSP) had

successfully completed its reseirch and development objectives and since late

1967 had been providing a limited operational capability.

The objective of Phase I of DSCS is to establish an operational military

" satellite corrmmunications system which will provide substantial increases in

"" capacity and performance, together with a wider variety of services for users.

The Phase 1I DSCS will be a part of the Defense Communications tstem ,I)CS)

Sand will function both as a long-haul strategic trunking system and as a system

capable of supporting military contingency operations. In addition, the system

* "will be capable of supporting service to small tactical users, if needed.

The Titan Ill-C booster is the vehicle intended for launching the :itel-

Slites into synchronous orbit. Phase II will be operational starting in CY 197,.

Additional launches will be made on an as-required basis for replenishment and

to establish additional in-orbit operational satellites. A detailed presentation

of Phase II spacecraft characteristics is presented in Appendix A.

.-- The earth terminals currently being used with Phase I (see Appendix

-. B) will be modd'ied and upgraded for operational use with the Phase 11 DSCS.
V

-- In addition, a limited quantity of new terminals will be procured and deployed

to fulfill the operational requirements.

The system will be implemented in three distinct periods, each providing

different communications capabilities. In the first period Stage Ia. Phase II

systems will operate in the frequency division m-ltiple access (FDMA) and

jJ D-1
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spread-spectrum multiple-access (SSMA) modes and will provide a point-to-

point operational capability after completing essential on-orbit satellite tests

on the satellites launched in November 1971. However, unlike Phase I opera-

tions, many links will be handled simultaneously by each Phase I satellite.

In Stage lb the Phase II system will operate in the FDMA modc to provide a

multipoint network satellite communications capability and the SSMA mode to

provide point-to-point protected (i. e. , jam resistant) communications for vital

traffic. New FM and PSK modems and FDM multiplexers will be purchased

to provide the capncity required to fulfill the Stage lb requirement. The PSK

modems will replace MFSK modems for wide-band data and secure voice

services. A number of earth terminals will provide a multiple carrier trans-

mission/reception capability. These terminals will be deployed to locations

(defined as nodal locations) to satisfy specific DSCS requirements.

Itage lc will begin when new developmental digital equipment (PCM, TDI\I,

PSK and later, coding equipment) is introduced into the system and the con-

version from an analog to a digital system begins, still using FDMA to the

satellite. The introduction of digital operation will result in increased system

capacity through a more efficient combination of different types of traffic (voice,

TTY, secure voice, data, and wide-band data) than is possible in an analog

system, and through the use of coding which allows more efficient use of satel-

lite effective isotropically radiated power 'EIRP). As the time division multiplex

(TDM) ana pulse code modulation (PCM) equipment becomes available, the

system will phase from an almost all-analog system to a hybrid (part analog,

part digital), and finally into an all-digital system. During this state the new HT

and/or MT terminals may become available and will be integrated into the system.

It should also be noted that this stage will provide digital experience

which will be very useful when TDMA is introduced into the DSCS. Protected

traffic will continue to be provided using spread-spectrum equipment.

D-2



However, the SSMA modems employed will be of an advanced model specifically

designed to meet the Phase II system requirements. A full complement of

T modified Phase I and newly procured terminals will be available for use during

this stage.

D.2 EQUIPMENT ASPECTS

-:- The earth terminals to be employed in the Phase II DSCS include modified

Phase I DC," ' terminals ard new terminals presently under development. The

characteristics of the Phase I earth terminals were presented in Appendix B.

Modifications and additions being made to these terminals are presented in

-- Table D-1 and are discussed in the following paragraphs.

D. 2. 1 Requirements for Stage la

D.2.1.1 Earth Terminals

-. The initial modification of all Phase I earth terminals will consist of

- "providing the capability for transmission and reception of both FM and SS

carriers on new frequency assignments compatible with the Phase II frequency-

plan. The Phase II frequency capability was obtained by procuring new crystals

- chosen in accordance with the frequency plan.

To provide a system multiple-access capability in which the carriers do

not interfere with each other, it is necessary for each terminal to be able to

monitor and control its own transmit signal power level. A transmit carrier

power monitor will be provided for each of the Phase I earth terminals to per-

form the monitoring function. In addition to this modification, all of the AN/

MSC-46 tracking receivers will be modified to track the biphase modulated

beacon signal. Four AN/IMSC-46 terminals will be modified to demodulate and

provide alphanumeric readout of the beacon data (telemetry) for satellite con-

trol. Two of the four terminals will be instrumented with manual and automatic

j spectrum analyzers capable of monitoring the satellite dowrlink frequencies at

a monitoring/nodal earth terminal.

D-3
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The Phase I AN/TSC-54 terminals a-e equipped with only one voice

channel. Equipping two of these terminals with additional FM modems and

FDM multiplex to provide a limited contingency capability during Stage la

began prior to the first satellite launch. These mudified terminals will be

self-contained in that they will be proviaed with FM modems, FDM multiplex,

and ancillary equipment to handle up to 12 voice channels. However, the FM

modems will be capable of modulating an RF carrier with up to 72 voice

channels of which 60 must be delivered to the terminal in a bu-cb:.nd form from

a technical control facility (TCF). This additional 60-channel capability can be

used to provide high-priority DCS restoral. The remaining 11 AN/TSC-54s will

be modified for this contingency capability as soon as possible and can be comple-

ted early in Stage lb.

All of the AN/TSC-54 terminals will be equipped with new uncooled

paramps capable of receiving within a 500-MHz bandwidth. These paramps will

be modified versions of the paramps used in the AN/TSC-54 terminals in Phase

I. As an interim modification until cooled 500-MHz paramps are developed,

four AN/MSC-46 terminals. including one for control purposes for each satel-

lite, will be .quipped with the same type of uncooled wide-band (500 MHz)

paramp as the AN/TSC-54s.

D. 2. 1.2 Interconnect Facility Modifications

Except for new sites and AN/TSC-54 contingency terminal locations,

most of the existing Phase I interconnect facilities will be adequate for Stage la

operation. Thbs is beacuse the Phase I interconnect facilities 'ICFs) are generally

100-pair cables or AN/FRC-109 LOS radio equipment. Locations where

existing ICFs will have to be augmented to support new or special user require-

ments will be treated on a case-by-case basis. New or modified ICFs re-

quired for new wide-band digital requirements will be designed and engineered

on an as-needed basis.
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All new ICFsj ICFs not existing at Phase 11 satellite launch) will require

complete evaluation of the interconnection requirements. This evaluation will

consider the feasibility of providing an ICF capable of operating in ill stages of

Phase II.

D. 2. 1. 3 Technical lControl Facility Modifications

Since Stage la will be an analog transmission facility providing a rcla-

tively small number of voice channels, only minor equipment additions will be

"- required in the technical control facilities. These additions will consist of

channel and multiplex equipment at the TCFs and channel and multiplex equip-

ment as terminals that have not been upgraded to 12 channels.

D. 2. 2 Requirements for Stage lb

D.2.2.1 Earth Terminals

Seven of the AN/iMSC-46 and both of the AN/FSC-9 terminals will

receive additional up and down converters to p:ovide a multiple carrier capa-

bility for operation in Stage lb as nodal terminals. Both the up converter and

the down convcrers will interface with the modulation equipment at 70 MHz.

This modiflcation will allow the terminals to handle the following number of

signals:

Transmit

FM/FDMA - Up to three uplink RF carriers

SSMA - Up to seven SS carriers using, a common RF frequency

Receive

FM/FDMA - Up to seven downliak RF carriers

SSMA - Up to seven SS carriers using a common RF frequency

Beacon - One signal on its own RF carrier frequency

D-
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Each nodal terminal will be equipped accordilng to the number of carriers re-

quired at its location. These nodal terminp1s will aiso be mcgifled with cooled

paramps which will provide a receive capability over the :ull 50O-Mliz receive

frequency band.

The remaining Phase I terminals not slated for nodal service and which

were not modified in SLage ia will b.? modf led to provide a paramp instantancou.

bandwidth of 150 Miz, 3pectrum analyzers and CNR meters. These moiCi-

cations are required to provide the monitoring capability discussed previousl.

New FM modems will be provided for all Stage lb nodal terminils and

all AN/TSC-54 terminals. These modems will be capable of providing 3, 63

or 9 4-kliz analog circuits at a lower quality (e. g. , TTNR - 33 d) or 3, 6, 9,

12, 24, 36, 48, 60, or 72 LJCS quality (e. F., TTNR - .14 dh ) 1-Mz analog

circuits. Up to three modulators and up to seven demodulators will be installed

at nodal terminals to provide ser-Ace for the number of transmit and receive

carriers required. A single modem will be installed in non-nodal teri'inals.

During Stage 1b, PSK modems will be user,,to provide the wide-band data

service and the secure voice transmissions. These modems will be capable

of operating at a number of data rates from 19.2 kbps to 1. 8 Mbps.

To provide flexibility in the choice of transmit and receiver carrier fre-

quencies, a new frequency selection subsystem will be provided in all seven

modified nodal Phase I terminals. The local oscillator signals for up and down

converters will be derived from frequency synthesi7ers which will use an

atomic standard as a reference frequency sourcr,. These synthesizers will

provide the proper frequency increments to change transmit and rccei-'c fre-

quencies in 1-ktlz steps over the entire satellite transmit ani receive bands.
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D. 2.2.2 Interconnect Facility Modifications

It i-, anticipated that no modifications of the non-nodal terminal ICFs

will be required for Stage lb. In the case of new terminal locations where

ICFs will r? required, an evaluation of the interconnect reqtirements will be

made and consideration will be given to providing ICFs capable of operating

in the digital Stage lc as well as in Stage lb. Modifications to ICFs to be used

with nodal terminals will be made prior to Stage lb to ensure meeting the oper-

ational requirements at these earth terminal locations.

D. 2.2.3 Technical Control Facility Modifications

The TCFs serving nodal loeations in Stage lb will require addiional

equipment to process up to 60 analog channels. The impact on other non-nodal

TCFs will depend on the satellite's traffic requirements to these locations in

Stage lb.

D. 2.2.4 New Terminal Developments

A contract was awarded in June 1970 for the dosign, development ond

testing of one prototype AN/MSC-60 (HT ) and one prototype AN/MSC-61 (MT)

terminal. Final acceptance testing of the two prototype terminals should be

completed by rid-1973 (Stage ib). Major characteristics of the terminals are

given in A ppendix B.

D. 2.3 Requirements for Stage 1c

D. 2.3.1 Earth Terminals

Stage le will require no modifications to the earth te -minals beyond those

made in Stages la and lb. However, new digital com-nuni-ation subsystems

housing all new digital equipment will be defined and specified prior to Stage Ic.
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D. 2.3.2 Interconnect Facility Modifications

Depending on the traftic requirements in Stage 1c, the existing LOS ICFs

may be capable of satisfying requirements for Stage 1c. However, 100-pair -,

cable ICFs may have to be replaced by either wide-band cable or a LOS ICF.

Where the ICF must be replaced, the new ICF will be designed to provide a

growth capability to meet expanding traffic requirements in later stages.

D. 2. 3. 3 Technical Control Facility Modification-,

With the introduction of an all-digital service in Stage 1c, PCM equip-

went that will convert the 4-kHz analog voice signals to 64-kbps digital voice

signals will have to be installed 'n the TCFs, and the FIDM equipment rcplaced

with TDM equipment.

D. 3 DESCRIPTION OF PHASE 1I STAGES

D.3. 1 Stage la

The beginning of Stage la will occur when the first Phase II satellite is made

available for operations (mid-1972). Phase I terminals are modified as defined

prev'ously, thus allowing them to operate through the Phase II satellites.

In Stage la the terminals will operate on a "point-to-point" link arrange-

ment as they presently do in the Phase I, however, several links will be

handled simultaneously in one satcllite. A typical link configuration is shown

in Figure D- 1. The traffic on these links will range from one analog voice

channel and a link orderwire on an AN/TSC-54 to AN 'TSC-51 link, to 12 analog

voice channels and a link orderwire on an AN 'MSC-46 to AN.MSC-46 link.

Wide-band digital traffic will be carried. These digital links will be time-

shared with FM voice circuits. The equipment (i. e., FM modems, multiplex, etc.)

preiientlv in use in Phase I will be used to provide this capability. In order to

salisfy some special user requirements, selected terminals may have special

modifications perforreci to provide them with a multiple-link operational capa-

bility.

D-10
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V
Normal unprotected (against an electronic jammer) analog DCS/DSCS

traffic will be carried using frequency division multiplex, frequency modula-

tion and frequency division multiple access (e.g., FDM/FM/FDMA). This

traffic will consist of basic 4-kHz circuits which can be used to support either

voice, teletype or narrow-band digital traffic (such as 2400-bps data and secure

voice), or appropriate combinations of each. Using MFSK and FDMA, a limited

amount of wide-band data and wide-band secure voice will be provided between

selected locations in Stage Ia.

Protected traffic (i. e., antijam) will be provided during this stage on a

terminal-to-terminal basis using existing AN/URC-55 and AN/JRC-61 spread-

spectrum equipment. This equipment will operate using pseudonoise phase

shift-keyed modulation and spread spectrum multiple access le. g., PN'/PSK/

SSMA). These links will be dedicated between selected users and will pass

essential core traffic only. The proticted traffic on these lines will be commensu-

rate with the capabilities of the present AN/URC-55 and AN/URC-61 equipments.

Control of the system during Stage la will be on a nonreal-time basis

with system coordination and discipline maintained using the TCFs. The

satellite will be operated in a linear mode, sufficient margin will be provided,

and the capacities will be conservative so that a more extensive FDMIA cr,-vrol

system will not be required.

The AN/TSC-54 terminals will be capable of supporting a gateway (or

interarea) type contingency with the existing equipment and modifications

previously defined. This same terminal could support a limited connectivity

intra-area contingency, but will not have the FM modem or the multiple

carrier equipment t transmit more than 60 channels in support of a full intra-

area type contingency. Operation of contingency terminals during Stage la will

be via the satellite's narrow beam to narrow beam satellite communications

channel.

D-12

r

I,



1 D. 3.1.1 System Control

Satellite control includes those functions involved with the tracking and

acquiring telemetry from the satellite, analyzing satellite condition, and sending

commands to the satellite to effect the desired control. These functions will be

implemented through the Air Force Satellite Control Facility 'SCF), as

required and directed by the NCS/DCAOC to support operational requirements.

A dedicated terrestrial teletype orderwire will be provided between the

DCAOC and the SCF. The primary purpose of the orderwire is to provide a

means of coordination betweea the SCF and DCAOC and to relay decisions made

by the DCAOC related to satellite command and control. This circuit will also

be used between the SCF and each of the SATCOM controllers (via the DCAOC)

to pass information regarding the condition of the satellites and to cccrdinate

operational plans regarding reconfiguration of the satellites' operational modes

.. e., transponder gain setting, etc.).

The purpose of satellite communications (SATCOM) control is to assure

proper power sharing of the satellite transponder among all the earth terminals

using it. This control function will be the responsibility of the 'A Operations

Control Center (DOCC).

In Stage la, the SATCON1 controller will do the following:

M Monitor the transmissions from the satellite transponder to deter-

mine the status of the satellite and the earth terminals

accessing it

a Assemble and maintain an up-to-date overview of the total operation

through the satellite

a Analyze anomalies which may arise to determine their source (satel-

lite, earth terminal, jammer or unauthorized user, or enviromnental

conditions)
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0 Decide what corrective actions are required to correct anomalies

0 Direct and/or coordinate the earth terminals as necessary to achieve

desired results

* Report system status, problems encountered, and actions taken to

other levels of authority within the DOCC.

All of these functions except monitoring will be assigned to a SATCOM

controller ione for each satellite) who will be located at an area communication

operations center (ACOC). The monitoring function will be assigned to specific

earth terminals, one terminal for each satellite.

In addition to the functions identified above, each earth terminal access-

ing the satellite wili monitor its own performance (uplink carrier frequency and

power level) and will report this information to the SATCOM controller using

terrestrial orderwires established within DOCC. System discipline will be

maintained by standard operating procedures that are being developed.

Link orderwires will be established via the satellite to allow problems

occurring on a link to be identified without involving the SATCOM controller.

However, all adjustments to link parameters must require SATCOM controller

authorization since variations on a single link influence all links accessing a

particular satellite. These link orderwires will be injected into the low end of

the FM baseband.

D. 3.2 Stage lb

Stage lb will begin with the implementation of a multiple carrier capa-

bility in the modified AN/MSC-46 and AN/FSC-9 earth terminals. These nodal

terminals will transmit up to three separate carrier frequencies. Each of

these transmitted carriers will contain varying amounts of traffic, ranging

,rom a baseband multiplexed group (12 channels) to four baseband multiplexed

D1
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groups (48 channels). Non-nodal earth terminals receiving one of the nodal

transmissions will then demodulate the carrier and demultiplex the traffic

I destined for its location, usually as a 12-channel group. Transmissions from

non-nodal to nodal earth terminals will complete the duplex circuits. Present

earth terminal deployment plans indicate that nodal terminals may be required
i

to receive from up to seven different non-nodal earth terminals.

Th_, multipoint uetwork (Figure D-2) operation in Stage lb will result in.

an overall increase in operational capability. Both the quantity and quality of

voice channels will increase during this time, since the satellite link connec-

tivity will increase and most equipment modifications will be completed and

new baseband equipments will have been procured. Traffi. un each of these

multiple links will range from 12 voice channels plus a link orderwire on the

AN/MSC-46 to AN/MSC-46 links to three voice channels and a link orderwire

on the AN/MSC-46 to AN/TSC-54 links. In addition, selected links will be used

to provide digital traffic in support of wide-band data and secure voice require-

ments. When the wide-band traffic is not being transmitted over these links,

provision will be made to carry analog traffic instead.

All unprotected analog traffic will continue to be transmitted in Stage lb

as in Stage la, that is FDM/FM/FDMA. However, new FM modems will be in

use during this period, allowing the quality of the analog circuits to be improved.

Protected traffic will be provided on a terminal-to-terminal basis using

existing AN/URC-55 and AN/URC-61 spread-spectrum equipment. As in Stage

la, d!,dicated links will be provided between selected users and will pass low

data rat hard-core traffic only. It will be necessary to locate multiple spread-

spectrum equipment at a node if more than one protected link is to be estabiished

between the node and other terminals. The capacity on these links will be

commensurate with the capabilities of the present AN/URC-55 and AN/URC-61

equipment and the allocated satellite power split with the analog traffic.
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New PSK modulation equipment will be used in Stage lb to support the

wide-band digital and imagery traffic requirements in a PSK/FDMA mode of

operation. This new PSK modulation equipment will allow a n re efficient use

of the satellite's RF bandwidth than do the present MFSK modems.

Because of the dependence of multiple links on a single nodal terminal,

it is essential that the nodal terminals have a higher degree of reliability than

presently exists. Therefore, reliability modifications will be macic to all

Phase I terminals to increase their reliability for operation in Stage lb. Con-

sideration has also been given to deploying redundant terminals at nodal loca-

tions to improve the overall terminal availability at these locations.

During 1972 prototype models of tne AN/MSC-60 IHT) and AN/MSC-61 (NIT)

will be delivered. Test results taken from these terminals will form the basis

for decisions on the procurement of additional terminals that would be available

f3r Stage 1c.

D. 3.2.1 System Control

Control of the DSCS in Stage lb will still be on a self-discipline basis.

The s,-tellite will operate in a linear mode, sufficient margin will be provided

and the capacities will be conservative so that a more extensive control system

will not be required. A limited multipoint network control will be possible during

this period since a major nodal terminal in each satellite is in communication

with and has a link orderwire with almost all other terminals accessing the

satellite. In this situation the rM baseband ordervire, which will be established t

below 12 ktlz in the basehand, will be used for traffic to be transmitted to and

from the major nodal terminal to each of the nodal terminals in the multipoint

network (i.e., for example the Kwajalein - CONUS West link). These

terminals would have to be controlled in a manner similar to that used in Stage

D- 17
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D. 3.3 Stage lc

Stage 1c begins with the introduction of the PCM, TDM and PSK modulation

equipment on the first Phase II satellite communication link. Since this new

digital equipment will be phased into the Phase II DSCS over an extended period

of time, the initial period of Stage le will be a hybrid operation; I. e., a mixture A

of analog and digital operation on separate RF carriers. The extent of this

period will depend on the availability of the equipment and the necessary procure-
ment funds. "' I

Stage Ic operation may also see the introduction of production AN/MSC-60

and AN/MSC-61 earth terminals. A number of these earth terminals may be

procured and deployed to nodal terminal locations on a priority basis. The

higher inherent availability of these earth terminals, together with their higher

performance capability (e.g., larger G,1) will be reflected in an increase in

the overall performance of the Phase II DSCS. The displaced nodal AN/MSC-46

terminals could be relocated to new nodal locations based on the current DCS/

DSCS requirements.

To improve the efficiency of the digital transmissions in Stage 1c,

error correction coding equipment will be procured. This coding equipment

will allow the transmission of digital data using smaller amounts of satellite

power, thus allowing larger amounts cf digital communications to be processed

through the Phase H satellites.

Unprotected traffic will be transmitted in Stage Ic using either analog

FM or digital PSK transmissions, depending on the nature of the requirements

and the availability of the digital equipment. As more digital equipment is

procured and deployed in the DSCS, Stage ic will evolve over a period of time

D-18
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1 into an all -digital communications system (Stage 2) satisfying all DCS/DSCS

traffic requirements using PCM and TDM/PSK

lop To decrease the cost and complexity of the TDM baseband configurations,

- traffic to be transmitted to speciftc terminals will be multiplexed separately

at baseband and transmitted on separate RF carriers. The receiving terminals

-- to which these RF carriers are transmitted will receive, demodulate and de-

multiplex all of the traffic on their specified carrier for their own use. Thus

-- multiple duplex satellite communication links will be established between earth

terminals in Stage 1c. The majority of these duplex links will originate and

terminate at nodal terminal locations as in Stage lb. In sddltion to this type

" of satellite link operation, some satellite links will continue with a multiplexed

baseband RF broadcast type of operation. This type of operation is more

cost-effective for small amounts of user traffic. A final determination of the

- satellite communication link configuration in each satellite will have to be

"" made on a link-by-link basis when the traffic/user requirements for this period

- have been validated. Figure D-3 illustrates a typical baseband to RF carrier

functional operation which will occur at multiple carrier earth terminals.

This type of operation will require more RF carriers to access each of

Phase U satellites than were required in Stage lb. For this reason, it is

anticipated that the full 125-MHz, earth coverage to earth coverage frequency band

will be used during Stage lc.

7J

Protected traffic will be provided in the early period of Stage 1c as it was
in Stage lb by using the AN/URC-55 and 61 spread-spectrum equipment. How-

ever, later in Stage lc the new AN/USC-28 spread-spectrum equipment should

be available and will be deployed In all DCSiDSCS earth terminal locations. In

addition to increased antijam protection, the AN/USC-28 will provide the oper-

ational capability to establish a protected network orderwire. This network

I D- 19
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orderwire will not only provide the capability of a real-time SATCOM control,

but will provide a systemwide timing capability imperative to a TDMA operation,

which is presently plani'ed as a follow-on to Stage 1c.

Contingency opecations will continue to be handled in Stage lc as they

were in Stage lb by using the AN/TSC-54 terminals and operating via the satel-

lite's narrow beam to narrow beam or cross-strap channels.
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APPENDIX E - FUTURE TRENDS

E. 1 INTRODUCTION

I This appendix gives an overview of future trends in space and earth lub-

systems that will affect development and progress in the satellite communicationt-

Tfield.
4

E. 2 SPACE SUBSYSTEM TRENDS A

E. 2.1 General

In the relatively short time that satellite communications have been avail-

able in either an R&D or operational status, great progress has been made.

As discussed in the basic report and in Appendix A, there has been an

evolution from a simple passive reflector of 1960 to the DSCS Phase Ii and

Intelsat IV with their wide-band multimode active repeaters of today. Progress

will not halt at this point. There are continually expanding requirements for

more and more high-speed w' ic-band global circuits. This means relaying more

traffic through satellites with increased capability and reliability. Thus more

powerful and versatile satellites are desired, which may require increased loads
for the launch vehicle and greater demands on the finite orbit and usable frequency

spectrum.

E. 2. 2 Satellite Position

The developments to date have shown the advantages of using geostationary

orbits for communications satellites. However, the present satellites are not

compltely stationary with respect to the earth. The DSCS satellite makes a

'A figure eight pattern, going as far as 30 north and south of the equator. Hence

many of tne earth terminals using the satellite are equipped with L_ tly automatic

1' trackir., devices. This requirement can be eliminated by stationkeeping that

maintains the satellite within limits so that tracking will not be required once the
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antenna is properly oriented. Maintaining a geostationary position will probably

require more fuel foi executing stationkeeping commands.

E. 2. 3 Higher Frequency Bands

T-Aay's commercial communications satellites use the 4- to 6-GH band

an(] the military uses the 7- to 8-GHz band for global communications. These

bands, like the lower frequency UHF band, are becoming crowded from both a

satellite and terrestrial viewpoint. The trend for satellites as well as for other

means of communications will be toward higher frecuencies. Action is already

underway In the 11- to 15-GHz and 30- to 35-GHz regions. These higher

frequencies open new areas and provide -r-ater bandwidths for high data rate

links, but they also introduce problems. The 1- to 10-GHz region is favor: d

because of its low propagation loss as a resu. of rain and water absoe'ption.

These two losses become very serious above 10 GHz. Additicnally, the capability

to generate adequate power at the higher frequencies requires new development.

These frequencies do permit smaller and more directional antennas witl-, a

res,ltant increase in antenia gain. This is partially counteracted by tl,
-j

accompanying increase in free space loss.

E. 2.4 RF Amplifiers

The movement to higher frequencies is always limited by the state-of-the-

art in the manufacturing of IRF power amplifiers. To produce the required output

power in the GHz-range transistors, klystrons and traveling-wave tubes (TWTs)

are used. The transistors are normally considered mor3 r liable than a tulh,.

However, above 2 GHz the transistors tend to become inefficient and the TW f or

kly3tron takes over. At prepent an output of 20 watts wfth an efficiency of 40

percent is practical at the 7- to 8-GHz region using a TWT. R&D effort will be

required to provide this capability above 10 GHz. Such effort is in the Initial

stages at this time.
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E. 2. 5 Prime Power

The increased demand for satellite circuits can be met by a larger..I

transponder capability. A prime factor in providing this is having adequate,
-iv i

, reliable power on board. Progress has been made in this area by improvements
A

in the solar arrays to meet the increasing loads and by bettr b;tteries to store

energy and provide it to the system when the sun is not providing the required

energy to the solir arrays, such as during eclipses. 1'he silicon solar cell

appears to be a source that will be used for direct conversion, althongh nuclear

power supplies have been under development. Present Fitellite de power supplies

can produce about 2 kW, which should increase to about 5 kW within the next

decade.

E.2.6 Antennas

Today's satellites have re,---hed the stage of having both earth coverage

antennas for global communications and narrow-beam or spot anteras to serve

requirements concentrated in regional areas. The efficiency of such antennas

obviously depends upon a well-positioned satellite providing a stable platform.

Today's technical ability can provide such a setting for the satellite antennas.

Among the most promising improvements expected in the antenna field is the

development of multibcam antennas with RF switching arrangements that will

pernit rapid reconfiguring of the network by control from the earth in accordance

j with varying traffic loads.

E. 2. 7 Satellite-to-Satellite Links

To have a truly global capability it woul,', be desirable to have links

a\ailable directly from satellite to satellite for interconnecting points that do

not have one common satellite for a relay. Such studies have been under way and

e.-piriments arc planned using optical frequency devices. It is realistic tu expect

that such a capability will exist and be operational within the next 10 years.
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E. 2. 8 Improved Capacity

To meet the challenge of the growing requirements, satellites have

increased in power and bandwidth. Additionally, the recent models such as

Intelsat IV have taken advantage of the design feature of using separate trans-

ponders to meet the varied requirements, such as TV, voice circuits, demand

assignment net%%orks, etc. This channelization separates the different modes

of operation, thus greatly reducing Intermodulations. Future satellites will

undoubtedly be configured to continue this trend.

The gain in transmission capacity of satellites and their associated ground

systems is evidenced by the increase in traffic carrying capability from 240

half duplex circuits for Intelsat I in 1965 to 6000 for Intelsat IV in 1971.

E. 3 EARTH SUBSYSTEM TRENDS

E. 3.1 General

Like the space subsystem, the earth subsystem has experlenc d improve-

ments during these initial years of operational space communicatior 3 as lar-er

more reliable terminals have been developed. These Improvements will

continue, with emphasis on the areas discussed below.

E. 3.2 Receive System G/T

The capability of the receive system to perform can be measured by its

figure of merit (G/T), the ratio of the receive antenna gain to the system noise

temperature. This figure of merit depends on several parameters in areas

subject to further research and development.

1. Antenna - The design for large fixed-plant antennas is not expected

to change radically. The size is limited by cost, with pointing

accuracy and smoothness of the antenna surface being major factors

for large antennas. Limited progress is being made in increasirg

the nominal 54 percent efficiency of large parabolic antennas.
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However, for other DOD uses such as aboard aircraft there

should be notable improvement. Blade and phased-array

antennas are research areas that should improve the gain

of the airborne antenna.

2. Low-Noise Receivers - The currently available DSCS terminals

have a receive noise temperature in the 200 to 300 K' range.

This figure undoubtedly will be reduced to about the 5WK raige

by 1980 for the 1- to 10-GHz band. However, the primary

areas of concern will be obtaining equally low receive system

temperatures at the frequencies above 10-GHz.

An additional area that will see improvement is the obtaining

*of simpler, quieter, low-noise amplifiers for mobile or tactical

users.

3. RF Modulation and Multiple-Access Techniques - The majority

of traffic today, as in the past, is analog. However, with the

advent of data processing, the computer, and other digital devices--

including encoders for secure voice circuits and wide-band data

units--the volume of digital traffic is growing at a far faster rate

than an-dog requirements. As indicated earlier, the DSCS will be

evolving from an analog system to a hybrid analog-digital systcm

and finally to an all-digital system. Much work and development

effort has already gone into developing baseband pulse code

modulation/time division multiplexing (PCM/TDM) equipment and

DOD is presently procuring such units. The PCM equipment will

sample and quantize analog signals and feed them to a TDM unit

to be multiplexed imo a composite serial stream for transmission.

The TDM output can be sent via satellite using either FDMA or

TDMA. This trend toward digital communications will accelerate and

result in the majority of DCS trunking being handled on a digital basis.

~E-5



For the signals transmitted via satellite to remain digital, the

present DSCS RF modem (which is FM) will be replaced with a

phase-shift keying (PSK) modem. Such units are under develop-

ment for the DSCS. During the coming decade it is reasonable

to assume that such units will gain in reliability, simplicity and

in the capability to handle more and higher data rates. PSK offers

the advantage of permitting power, bandwidth and error rate

tradeoffs, thus adding to the flexibility in circuit and system design.

Although either FDMA or TDMA can be used to transmit the PSK

signal, the future will see a trend toward TDMA. Such satellite

systems have already been tested and proven practical. Although

at this time TDMA is not a common mode operationally in either

the commercial world or DCS, its advantages are recognized and

plans and programs bave been established to use TDMA when the

PCM, TDM and PSK units are operational and the TD\L\ synchronizing

and control systems are in production. This trend will result in

PSK/TDMA largely replacing FM/FDMA by 1980 for satellite

transmission of nontactical traffic.

Other modulation/multiple access techniques of particular interest

to the military commu..cator are SSML and high peak power/'TDMLA.

The SSMA field is just reaching the practical operational stages,

thus growth and improvements in data rate, jamming-to-signal ratio,

and bit error rate performance arc to be expected.
I

The basic idea behind the high pe Lk power amplifier is to provide

a very high level signal on the uplink to overpower jamming signals.

Peak power levels of 1 MW with average power of 1 to 10 k\V arc

under consideration.

4. Demand Assignment Multiple Access - Just as switches concentrate

traffic and increase the utilization of interswitch trunks, dcm~nd
E -6
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assignment techniques can improve the efficiency of the

utilization of the satellite traffic-carrying capability. This

is particularly true for low-duty cycle users. Demand assign-

ment is simply a system whereby a user requests use of

satellite power, bandwidth and frequencies when required and

releases them for others to use immediately upon completion

of his call. Comsat has developed, tested and begun installing

such a system under the code name Spade. Nine terminals

should be operating in the network by the end of 1972. This is

a single carrier per circuit FDMLA system. Additionally, Comsat

and several other organizations are developing and testing

demand assignment systems using TDIVA. This very flexible

and efficient system should grow and be a normal part of

satellite communication networks within the next 5 to 10 years.

" 5. Coding - Another new and exciting technical development of the

past 10 years has been the theoretical analysis of error correcting

techniques and codes. This new field is moving from the theoretical

to-the practical era and is providing a new tool for the system

[ eng!ineer. Coding permits tradeoffs among power, bandwidth, bit

error rate and information transmission rate. Analytical results

have shown the potential of various coding techniques. The

practical hardware is now entering the field to use the benefits

of coding. Further research and hardware development will

result in improved performance in this emerging field.

E--7
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I APPENDIX F -REFERENCE DATA

F. 1 INTRODUCTION

This appendix provides convenient reference charts and tables that are

aof particular interest to the communications satellite engineer. Particular

attention should be paid to footnotes to ensure that this simplified intormation

is used in consonance with the parameters to which it applies, rather than

being applied in all cases. For example, Table F-4 shows the percentage of

I power from the DSCS Phase II satellite earth co-erage transponder required

to pass a particular data rate. Thae computed percentages were based on

specific parameters, including a satellite EIRP of 25 dBW, a required E b/No

of 6 dB, and a downlink margin of 6 dB. If the given percentages were applied

to the Phase II satellite narrow-beam transponder, a correction of -12 dB

1would be necessary because of the higher narrow-beam EIRP (37 dBW).

I
I
I
I

I

I
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Table F-I. Decibel Conversion

dB Power Ratio

0 1.00 -

0.1 1.02

0.2 1.04 -

0.3 1.07

0.4 1.09

0.5 1.12

0.6 1.14

0.7 1.17 j
0.8 1.20

0.9 1.23

1.0 1.26

2.0 1.6I

3.0 2.0

4.0 2.5
5.0 3.2
6.0 4.01

7.0 5.0

8.0 6. 3
9.0 8.0

10.0 10.0

20.0 100.00

30.0 1,000.00

40.0 10.000.00

50.0 100. 000. 00
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Table F-2. Decibel Conversion In Powers of Ten7'
.1 POWER RATIO dB POWER RATIG

10 10 10
10 20 10

10 30 1
10 -  40 104

10 0- 5  50 10 5

10- 6  6 106

I10 -7  70 107

10 8  80 108

-9
10 90 109

10- 1 0  100 1010

II
S I

I-

I
I
!
I
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Table F-3. Antenna Fact Sheet

Type Antenna -- Parabolic reflector with 54 percent efficiency (71)

Receive Frequency -- 7.25 GHz

Transmit Frequency -- 7.9 GHz

4ffAG - 7
X2

GREC = 20 log f + 20 log D-52.6 24.6 +20 log D

GTRA " 25.3 + 20 log D

Diameter-Ft. 20 log D G G G/T (T 316°K 25 dB)TRANS REC

1 0 25.3 24.6 -0.4
2 6.0 31.3 30.6 5.6
3 9.5 34.8 34.1 9.1
4 12.0 37.3 36.6 11.6
5 14.0 39.3 38.6 13.6
6 15.6 40.9 40.2 15.2
7 16.9 42.2 41.5 16.5
8 18.0 43.3 42.6 17.6
9 19.1 44.4 43.7 18.7

10 20.0 45.3 44.6 19.6
11 20.8 46.1 45.4 20.4
12 21.6 46.9 46.2 21.2
15 23.5 48.8 48.1 23.1
16 24.1 49.4 48.7 23.7
17 24.6 49.9 49.2 24.2
20 26.0 51.3 50.6 25.6
30 29.5 54.8 54.1 29.1
40 32.0 57.3 56.6 31.6
60 35.6 60.9 60.2 35.2
8o

100
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Figure F-i. Free Space Attenuation Between Isotropic Antennas
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Table F-C. Antenna Size and G/T of Terminals Using DSCS

Phrase II Satellites

Antenna
Terminal Diameter (feet) G/T (dB)

Intelsat Typical (3rd Generation) 97 43*
AN/NIC-60 (HT) 60 39
AN/FSC-9 60 38
AN/MSC-46 40 34
AN/MSC-61 (MT) 18 27
AN/MSC-61 (proposed) 35 33
SCT-21 21 31
AN/TSC-54 18 265

SC-ia 6 17.5
SC-lb 18 26
SC-2 30 31

NATO 42 34,8
SKYNET (UK) (1) 42 32
SKY1NET (UK) (2) 40 32.4
SKYNET (UK) (3) 2] 31.4
SKY NET (UK) S1 6 15.7
Army Tactical Terminals

AN/NtSC-59 (1/4-ton) 8 18
AN/TSC -84 (1-1/2-ton) S 18
AN/ TSC-=6 (2-1,. 2-ton) (LT) 8 18

Navy Shipborne

AN!WSC-2 (1) 8 18
AN./,WSC -2 (2) .t 12
SSC-6 kMASST) 6 14
Airborne 3 5

*Gain computed at 4 GHz, all others at 7.2 GHz.

J1
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Table F-7. DSCS Phase 11, Stage la Exclusive Band Carrier Frequencies

Downlink UplinkJ _ (M~z) j (MHz) Emission

7251.3700 V 7976.3700  1800 [F9

2. * 7232. 9325 7977. 9325 I1800 F9
3. * 7256.0575 7981.0575 1800 FX

* 7260. 450 7985. 7450 3500 F9

5. * 7265. 4325 7990. 4325 3500 F'9

6. . 7270.1200 7995.1200 20,000 F9

7. 7271. 6825 7996.6S25 3500 [.'9 &
8000 F9

8. " 7277.9325 8002.9325 3500 F9

9. * 7279.4950 6004. 4950 3500 F9

10. 7282. 6200 8007. 6200 3500 F9

.11. - 7284. 1825 8009. 1825 3500 F9

12. * 7287.3075 8012.3075 3500 ['9

13. * 7290.4325 8015. 1325 3500 F9

14. 7293.5575 8018.5575 1800 ['9

15. 7296.6825 8021.6S25 19SO [9

16. 7298.2450 R023. 2450 1800 F9

17. Bcacon-7250. 1 * __5 .' ,!)

*DSCS Recommended Frejucrv Plan.

-Earth Coverage Beacon.
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j Table F-8. M Ionthly Space Subsystem Cost Allocation for One Analog
d 'Voice Channel DCS Quality 4

Terminai G/T $ Thousand
Type (dB) E C NB

HT 39 1.405 0.086
M T 34 4.449 0.281

" MSC-46 34 4.449 0.281
TSC-54 26.5 24.979 1.531

WSC-2 (8') 18 - 10.928

LT 18 10.928
SSC-6 14 27. 321

,Based on Phase II development, procurement launch and O&MI
costs averaged over 10-year life cycle.

tBased on one channel of a 12-channel group.

Table F-9. Monthly Space Subsystem Cost Allocation for One Analog
-. Voice Channel Tactical Quality*

Terminal G/T S Thousand
Type (dB) EC NB

HT 39 - 703 0.045
MT 34 2.186 0.141
fMSC-46 34 2.186 0.141
TSC-54 26.5 12.489 0.781

WSC-2 I8') i8 85.86i 5.542
fLT 1H S 5. S G6 5.542

SSC-6 14 218.568 14.051
WSC-2 (4') 12 354.392 22.637
TSC-80 12 354.392 22.637

MSC-57 8 - 56.564

Airborne 5 109. 282

*Based on Phase I development, procurement launch and O&M

j costs averaged over l0-year life cycle.
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MONTHLY SPACE SUBSYSTEM COST ALLOCATION -

Table F-10. Digital Data, 1 kbps ($ Thousand) -

Terminal I
Type G/T EC NB

HT 39 .016 .001 
MT 34 .050 .003

MSC-46 :34 .050 .003
TSC-54 26.5 .273 .018
WSC-2 (&') 18 1.952 .133
LT 18 1.952 .133
SSC-6 14 4.996 .320
WSC-2 (4') 12 7.806 .515
TSC-80 12 7,806 .515
MSC-57 8 20. 296 1.249
Airborne 5 39.029 2.498
Submarine 3 63.960 4.134

T'able F-11. Digital Data, 2.4 kbps ($ Thousand)

Terminal
Type G/T EC NB

UT 39 .037 .002
MT 34 .120 .008
MSC-46 34 .120 .008
TSC-5-4 26.5 .656 .043
WSC-z (8') 18 4.684 .312
LT 18 4.684 .312
SSC-6 14 11.990 .768
WSC-2 (4') 12 19. 515 1.249
TSC-80 12 19.515 1.249
MSC-57 8 48. 397 3.041
Airborne 5 93. 670 5.995
Submarine 3 152. 100 .9.750

G/T - Figure ot Merit

EC -Earth Coverage
NB r Narrow eam
Based on Phase II development, procurement launch and O&M costs averaged
over 10-year life cycle.
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Table F-12. Monthly Space Subsystem Cost Allocation Digital Iata
Channel, 1 kbps

Terminal G/T $ Thousand
Type (dB) E C NB

HT 39 0.016 0.001
MT 34 0,050 0.003
MSC-46 34 0. 050 0. 003
TSC-54 26.5 0.273 0.018
WSC-2 (81) 18 1.952 0.133
LT 18 1.952 0.133
SSC.-6 14 4. Sy96 0.320
WSC-2 (4') 12 7. 606 0.515
TSC-80 12 7. 806 0.515
MSC-57 8 20.296 1.249
Airborne 5 39.029 2.498
Submarin 3 63. 960 4. 134

TBased on Phase II development, procurement launch and O&M
costs averaged over 10-year life cycle.

Table F-13. Monthly Space Subsystem Cost Allocatior. Digital Data
Channel, 2.4 kbps,

Terminal Gi'T $ Thousand
Type j]d3) EC NB

IT 39 0. 037 0. 002
MiT 34 0.120 0.008
MSC-46 34 0.120 0.008
TSC-54 ,6.5 0. 656 0. 043
WSC-2 (8') is 4.684 0.312
LT is 4.684 0. 212
SSC-6 14 11.990 0. 7(i
WSC-2 (4') 12 19.515 1,249
TSC-80 12 19.515 1.249
MSC-57 4,8. :297 8. 04-4
Airborne 5 93. 6 70 5.595
Submarine 0 152.100 9. 750

Based on Phase 1 development, inocurcnent launch and 0& M
-'oats averaged over I0-y,,ar life (ycl(,
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/.PI-ENDIX G - GLOSSARY

Ae Effective area of antenna

A Amplitude of unmodulated carrier

ACOC Area communication operations center

J" A /D Analog-to-digital converter

AGC Autc natic gain control

J AKM Apogee kick motor

AM Amplitude modulation

AWGN Additive white Gaussian noise

B Bandwidth occupied by a modulated signal

BER Bit error rate

bps Bits per second

BSC Binary symmetric channel

Bw Bandwidth

C Channel capacity in bits per second

C/kT Received carrier power to noise power density ratio

CNRTH Carrier-to-noise ratio at modem threshold

D/A Digital -to-analog converter

dB Decibel

dBm Decibels referred to one milliwatt of power

DSB-AM Double sideband - amplitude modulation

DSB-SC-AM Double sideband suppressed carrier - amplitude modulation

I DSCS Defense Satellite Communications System

E Signal energ"

E Energ, per bitb

EC Earth coverage (applied to satellite antenna)

EIRP Effective isotropic radiated power

EMI Electromagnetic interference

1 FT Earth terminal

I (G- i



L

ETC Earth terminal complex

ETR Eastern Test Rnge

f Maximum instantaneous-frequency deviation

fH(t) Modulating signal i

f. Instantaneous frequency

f Highest frequency in a signal
in

FDM Frequency division multiplex
FDM A Feenydivision multiple access

FEC Forward acting error correcting

FI Frequency modulation

FSK Frequency-shift keying

G Antenna gain

g Acceleration

GHz Gigahertz

G /T Antenna receiving fignre of merit

1. Height of satellite above earth

HPA High-power amplifier

HT Heavy transportable terminal

ICF Interconnect facil-ty

IDCSP initial Defense Communications Satellite Program

IF Intermediate frequency

J/S Jammer-power-to-signal-powe r ratio

t'K Degrees in Kelvin scale

kbps Tousamids of bits per second

km Kilometers

kV Kilowatt

L Transmission line loss between zutenna ind low-noise

amplifiersr.
Lf Multiclbnne) load factorfI

(;t
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LFS Free space loss

J L Transmission losses in system0

-:LOS Line of sight

J LPA Low-power amplifier

M Margin

m Bandwidth expansion factor

Mbps Millions of bits per second

J MDA Motor drive assembly

MFSK Multiple frequency shift keying

MHz Megahertz
A

Modem Modulation-demodulation combination

M UX Multiplex

NIT Medium transportable terminal

.MTBF Mean time between failures

MTTR Mean time to repair

N Average thermal noise power

N Noise power density

NB Narrow beam (applied to satellite antenna)

NPR Noise power ratio

NRZ Nonreturn to zero

P Average signal power

p Channel error probability

P Probability of bit error

PCM Pulse code modulation
PDI Pre-emphasis improvement factor

PM Phase modulation

PN Pseudorandom noise

PSK Phase-shift keying

APSK Differentially-coherent phase-shift keying

i pWp Picowatts (10- 1 2 watts) psophometricall3 -weighted
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R Data rate

r Number of parity check bits at encoder output

R(t) Reliability at time t 4

R Earth radius
e

R Slant angle, earth terminal-to-satellite
s

RF Radio frequency

RF[ Radio frequency interference -,

SAMSO Space and Missile System Organization

SCF Satellite control facility

SEN System Evaluation Nctwork

SHF Super high frequency "

S. Average power

S/N Signal-to-noise ratio

(S/N) Detector output signal-to-noise ratio

SS Spread spectrum

SSB-AM Single sideband-amplitude modulation

SSF System simulation facility

SSMA Spread spectrum multiple access

T Time duration of one bit of data

TA Antenna noise temperature

TACSAT Tactical Communications Satellite

TATS Tactical Transmission System

TL Ambient temperature of the transmission line loss

T R  Low-noise amplifier noise temperature

TCF Technical control facility

TDM Time division multiplex
TDMA Time division multiple access
TT&C Telemetry tracking :nd command

TTNR Test-tone-to-noise ratio

TTY Teletype
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S_-

TWT Traveling-wave tube
TW/TA Traveling-wave tube amplifier

• UHF Ultra high frequency

UTR Uptime ratio

W Channel bandwidth

W cAngular frequency of carrier

* WTR Western Test Ringe

z Angle of arrival of incident radiation

oe Angle of elevation at terminal

1 Angle of inclination of orbit

6Angular radius of visibility

77 Anerture efficiency
Wavelength

V Modulation index

P Normalized inner product of a signal

*Phase of received signal

Failure rate

! .4

T
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